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1. INTRODUCTION AND BACKGROUND

1.1 Introduction

The Swedish Nuclear Safety Inspectorate (SKI) has sponsored a research investigation
aimed at the development of methodology for monitoring the safety performance of nuclear
power plants (NPPs). This research investigation has been designed to consist of the
following four parts:

• Part 1 outlines the overall approach based on probabilistic safety assessment (PSA)
methodology;

• Part 2 identifies the most promising organizational and operational-based safety-
related performance indicators, and develops quantitative relationships between
values of the performance indicators and changes in PSA inputs (i.e., reliability
measures consisting of component failure rates and initiating event frequencies);

• Part 3 demonstrates the detailed implementation of the approach and quantitative
relationships to a case-study plant; and

• Part 4 develops programmatic and decision making guidelines, as well as needed
software, for implementing the performance monitoring system at all Swedish NPPs
and for making regulatory use of the system.

This report documents the approach and findings of Part-2 investigation. Part 1 has been
completed, and a project report (ERI/SKI 97-401) was produced that summarized the basis
and format of the performance monitoring system. Parts 3 and 4 are prospective future
investigations.

1.2 Background

A report entitled "Guidance on the Implementation of a Risk-Based Safety Performance
Monitoring System for Nuclear Power Plants" was produced by Energy Research, Inc. (ERI)
as a result of the Part-1 study. That study reviewed and evaluated existing performance
monitoring programs, and developed and demonstrated an overall PSA-based methodology
and framework for the monitoring and use of risk-based lower-level performance indicators
(Pis) and high-level safety indicators (Sis). The risk-based performance monitoring system
was designed to enable:

• Identification of trends and patterns in safety performance at a specific plant

• Assessment of the significance of the trends and patterns

• Identification of precursors or forerunners to accident sequences and to safety
reductions

• Identification of the most critical functional areas of concern at a plant (e.g., safety
equipment and human performance), especially as they relate to a defense-in-depth
safety philosophy

• Comparison of safety performance trends at a plant with those at other comparable
plants (i.e., "peers")



• Identification of trends and patterns in safety performance of the population of plants

• Incorporation of the Pis and Sis into a risk- and performance-based decision process

To support the overall project goals, it was important that information needs and data
collection procedures were clearly outlined. Of key significance in this regard was the
premise that a performance monitoring system should not be burdened by an excessive
number of low-level Pis that may have only a peripheral relationship to safety, or that are
unnecessary altogether (either because they are effectively redundant or they have poor or
unknown correlation with safety). However, it was also viewed as being vital that the
selected group of Pis would be sufficient to relate to Sis that are collectively based on
accident prevention (i.e., core damage frequency) and accident mitigation (i.e., risk of
radiological releases). The scope of the study was limited to safety performance modeling
for licensee and regulatory applications, as opposed to modeling of other performance
objectives (such as power production, environmental factors, etc.).

The following two Sis were recommended for use in the safety performance monitoring
system:

• Sli = Percent change in core damage frequency (with respect to the baseline PSA
core damage frequency result)

• Sl2 = Percent change in conditional frequency of significant release given core
damage (with respect to the baseline PSA result for this frequency)

The study has been based on the premise that safety-related Pis would be most
meaningfully defined within a PSA framework, and could be effectively based on
categorizing events and conditions (i.e., raw performance data) into a matrix relating to the
type of PSA impact and to the level of potential risk significance. The Pis of interest, then,
are the number (or other quantitative description) of events/conditions that belong to a given
category of occurrence.

PI Types

The following PI types were recommended for use in the proposed safety performance
monitoring system:

Type A: Initiating event; or changes, in a known way, an initiating event frequency;

Type B: Functional unavailability; system unavailability; train unavailability; or
changes, in a known way, the failure rate of a safety function, system, or train
(directly, without being attributable to a change in component failure rates);

Type C: Component unavailability; or changes, in a known way, a component failure
rate; and

Type D: Correlates with a change in a failure rate (of a safety component, train,
system, or function) or an initiating event frequency.

The purpose of categorizing Pis into these types was to: (a) map the myriad of possible
events/conditions into a manageable set of groups; and (b) provide a means by which one
can obtain insight as to the source (within a PSA framework) of SI changes.



In the foregoing classification scheme, the Type-D class of events is a very important aspect
of a performance monitoring system that helps capture the ability to (a) predict future
performance, and (b) identify manifestations of organizational and other factors that could
signal deteriorating safety performance before actual adverse safety impacts are realized.
Additionally, such Type-D events are expected to occur most frequently among the four
types of events cited above. To implement the Type-D indicators into the performance
monitoring system, the need was identified to develop quantitative relationships between the
Type-D Pis and changes in PSA input parameters.

PI Levels

The levels recommended for describing the potential risk significance for Pis in the proposed
safety performance monitoring system included:

Level 1: High potential relative increase in an SI;

Level 2: Moderate potential relative increase in an SI; and

Level 3: Low potential relative increase in an SI

The purpose of categorizing Pis into levels was to enable one to be able to distinguish the
significance of each PI. In this way, the source of a marked SI change could be readily
tracked to either a single significant event, a number of events/conditions of lesser
significance, or something in between. The descriptions "high," "moderate," and "low" were
related to relative quantitative contributions to core damage frequency and conditional
frequency of significant release given core damage.

Evaluation of Pis

The general procedure for evaluating safety-related Pis, and determining corresponding
changes in Sis, on a periodic basis, was designed to consist of the following steps:

1. Collect raw data on the various occurrences (events and conditions) relevant to the
PSA model

2. Perform an analysis of plant events, failure modes, and potential causes of observed
failures (e.g., as in the NRC's Sequence Coding and Search System [SCSS]).

3. Perform the categorization of each event/condition into its respective Pis.
Accumulate changes to Pis based on all occurrences.

4. Re-evaluate each SI based on the cumulative effect of the changes in Pis.

Figure 1.1 provides an overview of the recommended performance monitoring system. In
this figure, it is seen that the raw data (plant events and changes in plant conditions) are
mapped directly into a PI matrix element ij, including event forerunners. Those
events/conditions mapped into event forerunners get indirectly mapped into a Type-D PI
matrix element, 4j, via the use of event forerunner functional relationships. The effects of
multiple events mapped into a given PI element are directly cumulative. In turn, the effects
of all elements Ply are then accumulated into the desired change in Slk.
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of the proposed PSA-based safety performance

As performance monitoring progresses, when an anomalous trend in an SI is observed, the
anomaly can be traced back to a corresponding anomalous behavior in a given PI element,
or elements. The type and level of the PI provide insights as to the ultimate source of the
anomaly. It is anticipated that the frequency of raw events will increase, roughly, with
increasing PI type and with increasing level number. Much of the change in an SI may
typically be associated with changes in event forerunners. Therefore, as an alternate way of
using the performance modeling system, changes in demonstrably important event
forerunners could also be tracked independently. By means of the event forerunner
functions and the inherent PI-SI relationships, any anomalous trends in the event
forerunners can then be assessed as to their ultimate impacts on Pis and Sis.

A method for practical implementation of the performance monitoring system is illustrated in
Figure 1.2. As seen, the key elements of implementation include the following items: an
event database, functional relationships between Type-D events and PSA inputs, a
performance-impact database, and an event-impact database.
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The proposed model for safety performance monitoring offers a level of sophistication that is
capable of accommodating several applications. The approach can monitor the effects of
operational and organizational factors that may affect safety performance, provided a model
relating such organizational factors and PSA inputs can be developed or reasonably
hypothesized. If an organizational PSA is available (which typically is not the case currently,



but may be so in the future), the performance modeling system can be readily extended to
accommodate the impact of organizational PSA parameters on Sis.

Perhaps the most novel element of the proposed performance monitoring system is the
concept of identifying and relating Type-D event forerunners to changes in PSA inputs. The
process for making use of event forerunner-PSA input relationships consists of the following
steps:

1. Collect raw data on the various occurrences of event forerunners.

2. Apply an appropriate event forerunner relationship to determine a change in a PSA
parameter (e.g., component failure rate, human error rate, etc.).

3. Categorize the change into its respective Type-D PI. Accumulate changes to Pis
based on all such changes derived from event forerunner relationships.

4. Re-evaluate each SI based on the cumulative effect of the changes in the Type-D
Pis.

This process requires that the important set of Type-D events be defined and that
relationships between the number of such events and changes in PSA reliability measures
(i.e., component failure rates and initiating event frequencies) be developed. Initially, this
requires an investigation to identify preliminary indicators and relationships to start the
performance monitoring process. Over the long term, an important objective is to make use
of performance monitoring experience to refine the selected events and predictive functional
relationships. Correspondingly, there is a need to determine the long-term data collection
strategies that will enable improvement of the Type-D event forerunner relationships.

1.3 Objectives of this Study

This Part-2 study has been designed to provide the missing element of the performance
monitoring system just described; that is, to identify the most promising Type-D event
forerunners that relate to plant safety, and to develop relationships between the numerical
description of such Type-D events and changes in PSA reliability measures (component
failure rates and initiating event frequencies). As already suggested, long-term development
of such relationships requires the appropriate data to be identified and collected. However,
an informed decision as to which data should be collected must itself be based on at least a
preliminary understanding of the detail and nature of the indicators and their expected
mutual correlations, as well as the expected format of the desired relationships.
Consequently, this study should be viewed as a vital first step in developing the capability for
a safety performance monitoring system that accounts for the influence of Type-D event
forerunners.

1.4 Overview of Report

A variety of approaches can be conceived for conducting this Part-2 investigation. Some
optional approaches are briefly discussed in Section 2. An expert-elicitation approach,
involving questionnaires and a workshop, is ultimately recommended. A detailed description
of this approach, and the reasons for its selection, are provided.

A group of experts was selected for participation in this project, and three questionnaires
were developed and forwarded to these participants. The questionnaires consisted of a
Phase-1 questionnaire, an initial Phase-2 questionnaire, and a revised Phase-2
questionnaire.



The first questionnaire has aimed to identify the most promising set of Type-D indicators,
and to present some optional methodologies for use of these indicators. Section 3 provides
a description of the questionnaire and a discussion of the key findings resulting from
responses of the participants. Sections 4 and 6, respectively, provide similar information
related to the initial Phase-2 questionnaire and the revised Phase-2 questionnaire.

The workshop was designed to promote understanding of the study objectives and
approach, as well as to produce a consensus understanding of the Type-D indicators and
their impacts. The workshop took place after the responses to the initial Phase-2
questionnaire were received and evaluated. Section 5 describes the workshop approach,
format, and significant findings.

For the sake of simplicity and manageability, the formulated approach for relating Type-D
indicators to PSA reliability measures has involved relating the Type-D indicators to various
states of safety culture, and then to quantify the impact on reliability measures for each state
of safety culture. Section 7 of this report discusses the determination of safety culture based
on values of Type-D indicators, and Section 8 summarizes the development and results of
relationships between states of safety culture and changes in reliability measures.

Section 9 of this report provides a description of how the relationships developed herein can
be implemented, on a plant-specific basis, using the method of Bayesian updating. Section
10 provides a summary of the conclusions and recommendations of this study. These two
concluding sections of the report serve as a bridge to subsequent aspects of the overall
research investigation (specifically, Parts 3 and 4, as described earlier).

This report also incorporates five appendices that provide supplemental documentation
significant to this study. Appendices A and B, respectively, provide the Phase-1
questionnaire and a synopsis of related expert responses; Appendix C provides the
workshop notes and presentation materials; and Appendices D and E, respectively, provide
the revised Phase-2 questionnaire and a synopsis of related expert responses.



2. OVERALL DESCRIPTION AND BASIS OF APPROACH

2.1 Potential Alternative Study Approaches

In order to develop the desired relationships between Type-D indicators and changes in PSA
reliability measures, the following three possible approaches are indicated:

1. Empiricism

2. Analysis/Theory

3. Expert Judgment

These alternate approaches are described in general below.

Empiricism

An empirical approach would be aimed at relating the observed changes in frequencies of
component failures or initiating events (I.E.s) to the observed changes in the potential Type-
D indicators (as independent variables). A typical approach would make use of statistical
analyses, such as multi-dimensional linear or nonlinear regression, to establish the desired
relationships (in terms of rate of component failures, or of an I.E., versus values defining the
indicators). In this approach, the statistics-based "R2" value serves as the basis for
evaluating the degree and/or significance of the correlation. This approach requires
experience data, is man-power intensive, and must ensure that correlations are screened for
spurious trends. In addition, for this approach, it is also important to develop a procedure for
estimating the potential magnitude and impact of the uncertainties.

Analysis/Theory

A theoretical approach can be used to develop and solve an analytical model that relates the
computed changes in frequencies of component failures/initiating events with the postulated
changes in the potential independent variables (indicators). For instance, if an
organizational PSA exists, it can serve as a logical partial approach to address this problem,
since an organizational PSA models an organizational system, and assesses the impact of
decision processes on potential adverse outcomes. However, an organizational PSA is
generally not available; even if an organizational PSA were available, several important
issues would have to be addressed, including: (a) the availability of the model and data; (b)
the effort required to evaluate the model; and (c) the robustness of the relationships that
could be derived.

Simpler alternatives to organizational PSA - that is, less rigorously theoretical (yet
meaningful) methods, here described as semi-theoretical models, can also be developed.
The use of such models is intended to constrain application of available data in a meaningful
format.

Expert Opinion/Judgment

This approach is aimed at eliciting experts' assessments of the estimated changes in the
frequencies of the component failures/initiating events with postulated changes in the
potential independent variables/indicators. The usefulness of such relationships is that they
can be readily used as estimates of "priors", in a Bayesian analysis framework,, which can
subsequently serve to obtained refined "posterior" estimates, as the relevant empirical data
become better understood and available. This effort can be undertaken by using a
conventional approach for eliciting expert opinion that would involve any of the following



steps: (a) a questionnaire process, (b) an interview process, (c) workshops, or (d) a
combination of these approaches. Implementation of this expert opinion approach requires
identification of relevant experts willing to make assessments. Some principal related issues
include: the availability, quality (i.e., level of understanding) and the bias of the selected
experts, as well as the robustness of the relationships developed by means of this approach.

2.2 Basis and Summary of Selected Approach

The principal approach selected for this study is the expert-elicitation approach. This
approach is best suited for the present application, for a variety of reasons, including:

• The approach can be conducted efficiency and cost effectively

• Existing data and more rigorous methods of analysis are lacking

• A preliminary assessment is sufficient initially to commence the data collection
process, and to proceed with the performance monitoring system

• Bayesian updating can be applied to refine the validity of the developed relationships

• Significant recent advancement has been made in expert-elicitation processes, and
the use of such approaches has seen increased utilization

In addition to the expert-elicitation approach, an additional approach, based on a semi-
theoretical model, was conceived in this investigation. This semi-theoretical approach also
required input from the experts. The initial feedback from experts participating in this study
regarding the semi-theoretical model was that it held promise for use in predicting safety
performance. However, based on subsequent feedback of the experts, it was decided that
this model would be overly sophisticated for the purposes of this study at the present time.
Due to the potential merit of the model for future investigations, it is still described in some
detail in this report.

2.3 Use of Safety Culture as a "Pinch-Point" Parameter

Some fundamental premises of the approach used in this study are summarized in logical
pattern as follows:

• There exist a set of low-level performance indicators (i.e., descriptions of operational
or organizational variables) that, given adequate data, could be shown to correlate
with reliability (failure likelihood) at the component level.

• Lacking adequate data at the present time, the most informed basis for identifying
such indicators is through expert opinion.

• The identified safety-significant performance indicators can be used to characterize
or measure a plant's attentiveness to safety, which can be referred to as "safety
culture."

• Safety culture is thus a description that has a statistical relationship to reliability.

In other words, what is suggested here is that safety culture can serve as a convenient and
effective link or "pinch point" between the quantification of well-selected performance
indicators and the determination of reliability impacts.



In stating these premises, it is recognized that there have been various proposed measures
or descriptions of safety culture that have served various purposes and that do not
necessarily match the definition of safety culture presented here. For this study, however,
designation of a safety culture is considered to have value only if it truly relates to plant
reliability.

Consistent with the foregoing, the experts participating in this study were not asked to
directly identify the performance indicators that convey the notion of safety culture, but
rather, to select the indicators they believed had the most direct and significant impact on
reliability measures. Subsequently, they were asked to relate values of the selected most-
promising safety-significant performance indicators to meaningful designations of safety
culture, and then to relate states of safety culture to quantitative influences on reliability
measures.

Figure 2.1 illustrates the hypothesized influence of safety culture on a component failure rate
or an initiating event frequency. This figure indicates that the probability distribution of a
reliability measure used in a PSA is based on data reported from the experience of several
plants, some having good safety cultures, some having average safety cultures, and
perhaps some having poor safety cultures. Conditional probability distributions of the
reliability measure for each category of safety culture, which collectively comprise the entire
unconditional distribution can be conceived. With information on safety culture (obtained
from the values of the key performance indicators), therefore, the probability distribution of
the reliability measure can be refined.

2.4 Description of the Expert Elicitation Process

The expert elicitation process was designed to consist of a combination of a multi-phase
questionnaire and workshop, summarized as follows:

1. Phase-1 Questionnaire. Developed to identify the most promising independent
variables, to assess the feasibility of proposed methods, and to finalize the format of
the relationships based on Type-D indicators.

2. Phase-2 Questionnaire. Developed to determine preliminary relationships between
Type-D indicators and reliability measures.

3. Workshop. Designed to enhance communication with experts; to ensure a
meaningful technical exchange; and to reach consensus on the format and results of
the desired relationships between performance indicators and safety culture, and
between safety culture and impacts on reliability measures.

This design was substantially followed in execution of the project. However, following
receipt of the expert responses to the initial Phase-2 questionnaire, it became apparent that
additional clarifications to the experts were needed prior to finalization of the Phase-2
findings. Such clarifications were provided during the workshop, and feedback received
from the experts was used as a basis for simplifying the Phase-2 questionnaire. Hence, a
revised Phase-2 questionnaire was developed, and responses from this additional
questionnaire were used as the basis for final development of the desired relationships.

It is also important to mention that the responses and comments received by the expert
participants were used to customize the content of the questionnaires and the workshop
program. In this manner, the process was adapted to more fully accommodate the
suggestions of experts.

A total of 21 experts participated in the study. These experts were drawn from:

10



HYPOTHETICAL FAILURE RATE

DATA FOR A SPECIFIC COMPONENT

I
[Ll

Observed, All Plants

Obsarvad, Plants

With Low Safsty Culture

Ofisorvtid, Plants

With Normal Safoty OuHura

Ob*«rv«d, Plants

With Good Safety Culture

N n
FAILURE RATE

PROBABILITY DISTRIBUTIONS

Conditional on "Safety Culture"

Good

All Safety Cultures

. Normal Safety Culture

Good Safety Culture

——— Low Safety Culture

\

MGood uNormal
Rate

Figure 2.1 Hypothesized safety-culture conditional probability distributions comprising
the unconditional distribution of a reliability measure; (a) histogram form, and
(b) continuous form

11



• Swedish licensees/plant staff
• Swedish Nuclear Power Inspectorate (SKI)
• Vendors
• Research Organizations
• Consultants
• Other non-Swedish licensees and regulatory authority staff

To the extent possible, the experts were selected from independent organizations, or at least
from different divisions in a given organization, to help ensure that truly independent and
unique perspectives would be obtained, thus reducing the potential for bias in the summary
of responses. The final selection of experts was made by SKI facilitated by Mr. Jerzy
Grynblat of Relcon AB. (Throughout the study, Mr. Grynblat acted as liaison between the
experts and ERI.)

Table 2.1 below provides a list of the experts participating in this study. This table indicates
the organization and years experience of each expert, and summarizes the phases in which
each expert participated. The table also provides the respondent number used to identify
each participant's responses and comments.

Table 2.1 List of Experts Participating in the Expert Elicitation Process

Respondent
No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Participant's
Name
Bonaca, M.

Blom, I.

Carlstedt, H.

Flodin, Y.

Grynblat, J.

Hallman, A.

Hamzehee, H.

Hultquist, J.

Hultqvist, G.

Karlsson, T.

Kemgren, C.

Laakso, K.

Lehtinen, E.

Nyman, R.

Ohlin, T.

Palm, C.

Persson, S.

Rask, L.

Experience
(Years)

31

18

30

16

23

6

17

20

27

10

18

25

23

20

16

23

10

12

Organization

Northeast Utilities'"

SKI

Forsmark Kraftgrupp
AB

Vattenfall AB

RELCON AB

SKI

U.S. NRCJ

Ringhals NPP

Forsmark Kraftgrupp
AB
Oskarshamn NPP

Oskarshamn NPP

Technical Research
Centre of Finland
Technical Research
Centre of Finland
SKI

ABB Atom AB

Barseback Kraft AB

Forsmark Kraftgrupp
AB

SKI

Phase 1

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

Phase 2

•

•

•

•

•

•

•

•

•

•

•

•

•

Workshop

•

•

•

•

•

•

•

•

•

Phase 2
Revised

•

•

•

•

•

•

•

•

•

•

•

•

•

' Currently retired from NU

Not representing official NRC position.
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Respondent
No.

19

20

21

Participant's
Name
Sandstedt, J.

Sjoo, U.

Vaurio, J.

Experience
(Years)

12

28

26

Organization

RELCON AB

OKGAB

Loviisa NPS, Finland

Phase 1

•

•

•

Phase 2

•

•

•

Workshop

•

/

Phase 2
Revised

•

•

More detailed descriptions of the approach and findings of each aspect of the expert
elicitation process are provided in individual sections and appendices of this report.

2.5 Description of Semi-Theoretical Model

The semi-theoretical approach proposed for this study makes use of a set of general factors
affecting degraded equipment performance. In developing a format for relating Type-D
indicators to changes in reliability measures, we are concerned initially with general factors
which, whether associated with specific actions or inactions at a plant, could likely lead to a
degraded configuration of a given installed component (i.e., item of equipment). We are not
concerned with defects inherent to engineering, manufacturing, or other processes that have
led to the physical configuration of the given installed component of interest. Such effects
are a priori to our concern (i.e., they are not directly related to ongoing operational and
organizational events), they should have already been factored into the development of a
baseline PSA failure rate, and they cannot be fundamentally altered through
operational/maintenance actions at the plant. Rather, we are interested in factors affecting
degradation in the reliability of an item of equipment after the time of its installation and initial
placement into service.

Murley (1997) has proposed that early signs of deteriorating equipment performance fall
within the following major categories:

• Operations
• Maintenance
• Engineering Design and Safety Analysis
• Radiological Controls
• Outage Activities
• Accident Precursor Analysis
• Regulatory Relations

Aside from these factors, early signs of deteriorating equipment performance, may fall within
the following additional major categories:

• Environmental Demands
• Regulatory Operations (Offsite and Onsite)
• Regulatory Inspection Activities (Onsite)

In considering the relevance of these major categories to deteriorating equipment
performance, it is logical to introduce the necessary hypothesis that degraded equipment
performance must be realized as a consequence of actual physical effects/changes, whether
seen or unseen, measurable or immeasurable, intentional or unintentional. In other words, a
plant's "safety culture" (good or bad) - which may be characterized in terms of the preceding
factors — does not itself directly cause adverse or beneficial physical changes in
components.

Decreases in component reliability associated with degradation occur naturally, over time,
due to deterioration and other aging and environmental effects. Reductions in reliability can

13



also be exacerbated by improper operation and treatment, accidental conditions, etc. It is
essential to recognize that, whatever the case, physical changes leading to component
degradation have the opportunity to be rectified only through effective plant inspection and
maintenance, but also that undesirable physical changes have the opportunity to themselves
be inadvertently instigated or exacerbated through human intervention. Consequently, it can
be concluded that the factors which most directly affect the realization of degraded, or
enhanced, equipment performance consist fundamentally of: operation and maintenance
activities (human effects) and changes in the rate of natural deterioration (i.e., changes in
environmental severity/demands).

This background helps to constrain the investigation of Type-D indicators, and suggests that
a logical, semi-theoretical model (or possibly, a few alternative models) can be proposed for
efficient development of the Type-D event forerunner relationships. For instance, as just
indicated, it appears valid to limit the direct association, or modeling, of changes in
equipment performance, exclusively to the following items: maintenance and operation
activities, and environmental effects. Fundamentally, for any given component, the
maintenance and operational parameters of interest can be categorized as: (a) frequency of
maintenance/operation activities, and (b) quality of maintenance/operation activities. In
principal, environmental effects, if not strictly controlled by the plant to be within relatively
narrow and constant limits, should at least be monitored by the plant; and hence, it is
reasonable as a first approximation to characterize any environmental influences unrelated
to the control of maintenance/operations by means of a baseline environmental severity
factor (e.g., a water chemistry measure related to the rate of corrosion of piping, heat
exchangers, steam generators, etc.; a measure of electrical load influencing the long-term
performance of electrical circuitry, a measure of biological or sediment loads that may
influence the performance of the service water system).

Hence, we can reasonably construct the premise (or hypothesis) that, for a given
component, equipment performance is dependent solely on these three factors:

1. Frequency of maintenance/operation activities,

2. Quality of maintenance/operations, and

3. Degree of environmental severity.

Item (1) is a directly quantifiable factor. Furthermore, it must be the case that there is a
value of this frequency (for any given situation) that results in an optimal expected ongoing
reliability performance of the component of interest. That is, reliability of the component will
suffer if the frequency of maintenance/operation activities is too low or too high, but reliability
is maximized for some intermediate value. This points to the existence of a consistent
relationship between reliability and maintenance/operations frequency (one which serves as
a starting point for associating Type-D influences on component failure rates). Additionally,
such a relationship governing the optimality of (1) will generally depend upon factors (2) and
(3), but likely in a more linear fashion. For instance, a lower maintenance quality might
correspondingly skew the optimal maintenance frequency to a lower value (because of a
high rate of errors); and, a higher environmental severity would likely skew the optimal
maintenance frequency to a higher value (due to an increased rate of deterioration). The
statistics on frequency of maintenance/operation activities which would likely be needed for
performance monitoring should be readily available.

Item (2) is a highly qualitative factor. Muriey (1997) suggests that (2) is likely associated
with a utility's "safety culture," which may be measured/associated with respect to a list of
"early signs," including management, programmatic and administrative activities, as well as
operation and maintenance parameters. Murley's comments also seem to indicate that the
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regulator would be in the best position for making judgments as to the effectiveness of a
utility's safety culture. Clearly, an experienced and unbiased resident inspector would
perhaps be among those best suited for making such a qualitative, comparative assessment,
for use in performance monitoring. SKi's maintenance inspection guidebook potentially
serves as an excellent basis for making such an assessment. A somewhat less direct
approach would be to evaluate the frequency of U.S. Nuclear Regulatory Commission's
(NRC's) causal codes associated with maintenance/operation causes, and propose a
comparative qualitative scale of safety culture or maintenance quality in terms of this
parameter.

Item (3) is a directly quantifiable factor. Some items of equipment may not be exposed to
adverse environmental conditions, in which case, this factor would not need to be specifically
identified and quantified. For those cases where environmental effects are important,
measures of such effects are likely monitored by the plant, and hence, would probably be
readily available for use in performance monitoring.

Figure 2.2 illustrates how the preceding three factors can be combined into an overall model
or framework for relating changes in Type-D indicators to changes in component failure
rates. The model is based on a selected functional relationship between a measure of
maintenance/operations frequency and scale factor on component failure rate that is
modified by parameters characterizing maintenance/operations quality and environmental
severity. In this model, the Type-D indicators of concern are limited to a selected measure
characterizing maintenance/operations frequency, a selected parameter characterizing
maintenance/operations quality (or safety attitude/culture), and a chosen parameter
characterizing environmental severity (if applicable). Although the maintenance/ operations
frequency and environmental severity parameters could vary often, it is expected that the
parameter characterizing safety attitude/culture may vary somewhat slowly.

During the elicitation process, the experts were asked to assess the viability of the proposed
semi-analytical model, to produce possible improvements to this model, and to identify which
specific Type-D indicators would serve as the most appropriate variables in this model.
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Figure 2.2 Description of Semi-Analytical Model for Developing Relationships Between
Type-D Indicators and Component Failure Rates
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3. DESCRIPTION AND FINDINGS OF THE PHASE-1 QUESTIONNAIRE

3.1 Purpose

A formal expert elicitation process generally aims to establish a statistical relationship (based
on a Bayesian approach) between a set of independent variables and a set of dependent
variables. In the case of this study, the set of dependent variables was fixed and was
comprised of the following reliability measures: (a) change in component failure rates; and
(b) change in initiating event frequencies. The set of independent variables used to
establish the relationships (i.e., used to predict changes in reliability measures) was not
fixed, but rather, it was necessary to determine the most promising set of independent
variables as a basis for subsequent assessment. Hence, the principal purpose of the
Phase-1 questionnaire was simply to determine the Type-D indicators (event forerunner) that
are believed to have the strongest relationship to changes in component failure rates and
initiating event frequencies.

An additional, similar purpose of the Phase-1 questionnaire was to determine the relevance
of the proposed semi-theoretical model relating Type-D event forerunners to changes in
reliability measures, and to identify the most promising parameters of this model.

3.2 Format

The Phase-1 questionnaire consisted of four main parts, as described below:

• Part A - Self Evaluation. The respondents provided basic contact information,
summary of their relevant experience, confidence rating as to their perception of their
own ability to contribute meaningfully to the elicitation process, and their degree of
belief that the study objectives are reasonably achievable.

• Part B - Inventory and Evaluation of Type-D Indicators. The respondents expressed
their degree of belief that various Type-D indicators have a relationship to changes in
component failure rates and/or initiating event frequencies, and were given the
opportunity to list and evaluate any additional indicators you believe are of relevance.
In addition, the respondents listed, in order, the performance indicators they felt were
most worthy for predicting influences on reliability.

• Part C - Evaluation of Semi-Analytical Model of Type-D Correlations. This part
introduced the proposed semi-analytical model (i.e., quantitative formulation based
on subjective parameters), and asked respondents to provide input as to the
selection of Type-D indicators and determination of their influence on changes in
component failure rates and/or initiating event frequencies. Specifically, respondents
were requested to express their opinion as to the validity of this model, and to
evaluate potential Type-D indicators consistent with this model. They were also
provided the opportunity to propose modifications to the proposed semi-analytical
model or to outline an alternative model.

• Part D - Comments and Suggestions. This part provided respondents with the
opportunity to make critical comments and suggestions on the elicitation process, with
the aim of enhancing its success.

The format of each questionnaire entry and response was straightforward and largely self-
explanatory. Most items asked respondents to simply express their subjective degree of
belief/disbelief, or degree of agreement/disagreement with a given statement. An example of
this format is as follows:
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Indicate (with an X or a specific value) your degree of belief or agreement with
the statement that the following Type-D performance indicator correlates (i.e.,
has a causal relationship) with respect to changes in reliability performance of
equipment or changes in an initiating event frequency:

Performance Indicator

Frequency of
Maintenance/Operations
Activities Affecting a Given
Component

Straogty
Disagree

0

Qeneratiy
Dfsagre©

25

Neither
Agree or
Disagree

50

Generally
Agree

75

Strongly
Agree

100

Part B comprised the most significant and time-consuming element of the questionnaire,
which involved completion of a table having 78 entries of candidate performance indicators.
The list of candidate performance indicators was derived as a composite of a variety of lists
previously proposed by others as having potential relevance to the prediction of influences
on safety performance.

A copy of the Phase-1 questionnaire, including the table of 78 candidate performance
indicators, is provided in Appendix A to this report.

3.3 Summary of Responses

Twenty-one (21) experts responded to at least some aspects of the Phase-1 questionnaire
and/or provided comments regarding the questions and the overall expert elicitation process.
All respondents completed Part A; most respondents completed Part B (the bulk of the
questionnaire); and somewhat over half of the respondents completed Part C. Several
respondents provided comments either in Part D or as an aspect of separate
correspondence.

3.4 Evaluation of Responses

A summary of responses to the Phase-1 questionnaire is provided in Appendix B. The
collective responses to Part A reveal that most experts felt they were qualified or very
qualified to participate in the study. The majority also generally indicated that they thought
the objectives of the study were reasonably achievable. These responses were remarkably
favorable given the rather unique nature of the investigation, the anticipated degree of
uncertainty, and the level of effort involved in completing the questionnaire. Yet the
responses were not so favorable as to imply that respondents were biased in making their
assessment. The results thus provided a solid basis for performing subsequent evaluations.

The data produced from respondents' completions of the table of Part B was evaluated in
two significant ways. First, a relative worth was determined for each of the 78 performance
indicators. The relative worth value was assessed as the weighted average of the degrees
of belief indicated by all experts. Second, a count was performed of the number of times
each indicator was assigned a given degree of belief category by an expert. The number of
times the experts either generally agreed or strongly agreed that the performance indicator
was related to reliability was determined for each performance indicator. Each performance
indicator was ranked separately based on values of the relative worth and agreement count.
The top ten indicators from each ranked list were listed. Then, the lists were compared for
consistency, and the intersection of these lists was determined to obtain a preliminary set of
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final indicators. This list was compared with each expert's list of top indicators, in order to
verify that at least one of each expert's top picks was included in the final indicator list. In
the single case where this condition was not met, an indicator was added to the final list.
That final indicator was the one among the expert's top pick that had the highest ranking
from the preceding two methods. Following this approach, a final set of seven of the most
promising indicators were identified, as follows:

1. Rate of licensed operator errors, including failure to follow procedures

2. Rate of other personnel errors, including failure to follow procedures

3. Rate of maintenance problems

4. Rate of reactor trips caused by maintenance or testing errors

5. Ratio of corrective versus preventative Maintenance Work Requests (MWRs) on
safety equipment

6. Mean time between repairs (most frequently repaired items)

7. Number of deviations/failures with repeated root cause

In Part B of the Phase-1 questionnaire, several experts also provided their own independent
list of potential performance indicators. These lists were used to compile a collective
additional list of indicators for consideration at the workshop.

In Part C of the Phase-1 questionnaire, the experts provided responses regarding the
proposed semi-theoretical approach. The collective assessment indicated that a semi-
theoretical approach was generally seen as having substantial credibility, and that the
proposed approach was perceived as having potential merit. The most meaningful
parameters to introduce into the semi-theoretical model could not be identified, however, due
to lack of consistency in responses. Most experts indicated that they were not familiar with
the NRC causal code system or the SKI maintenance handbook, or how it might apply to a
semi-theoretical approach.

In Part D, several experts provided comments on their responses and the overall expert
elicitation approach. These comments have been summarized in the workshop program
notes, and some key comments that affected the development of subsequent phases of the
elicitation process are noted in the following subsection.

3.5 Key Comments and Recommendations

Among the comments received by experts pertaining to the Phase-1 questionnaire, three
were considered as being particularly important with respect to the course of subsequent
investigation. The first of these pertains to the definition of performance indicators. Some
experts stated that the performance indicators should be more precisely defined to be usable
for making even qualitative relationships to reliability/safety, and some experts even
proposed suitable precise definitions. In any case, it was decided to postpone a final
resolution of this concern until the workshop, when the issue could be addressed with
reasonable consensus.

The second issue of particular importance pertained to the opinion of some experts that the
performance indicators could and should be used as characterizations of safety culture, or
some similar concept, but that they may be less useful for developing quantitative
relationships to reliability measures. This point is well taken in that (a) it reinforces that
"safety culture" serves as an intuitively familiar and effective concept for implementation of
performance indicators, and (b) it agrees with the fact that previous projects have not
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attempted to extend the concept of performance indicators to the quantitative assessment of
safety impacts. Since, however, a principal aspect of the present study is to extend the
concept of performance monitoring to assessment of quantitative safety impacts, it is
considered essential that this issue be directly faced, even if only on a preliminary basis.
Indeed, what qualifies a given parameter to be of worth as a performance indicator is the
belief that it ultimately has some bearing on safety that, given sufficient data and knowledge,
it could be measured. If, on the other hand, it is believed that performance indicators really
have no detectable relevance to measures of safety/risk, then there would be little point of
using any performance indicator system. As noted in Section 2, this study is based on the
premise that there is an underlying statistical relationship between a well-chosen set of
performance indicators and reliability measures. Only by pursuing this issue will the full
benefit of performance monitoring be achieved. Furthermore, it is important to recognize
that the present study is a beginning step in addressing the issue. That is, guided by the
findings of this study, relevant data collection can be commenced, and such data can be
used to further refine the desired set of statistical relationships.

The third issue of importance pertained to the opinion of some experts that the performance
indicators should be used for comparing plant-specific performance over time, rather than for
conducting comparisons of performance among plants. Ultimately, it will be up to plant
licensees and SKI as to how the performance monitoring system will be used. At this point
in the present research investigation, there is no apparent compelling need or justification to
restrict the application of performance indicators to plant-specific comparisons only.

Other comments of significance received by experts in response to the Phase-1
questionnaire are summarized in the workshop program notes (Appendix C).
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4. DESCRIPTION AND FINDINGS OF THE INITIAL PHASE-2 QUESTIONNAIRE

4.1 Purpose

Having determined from Phase 1 the most promising independent variables to be used in
predicting impacts on reliability measures, the purpose of the Phase-2 questionnaire was to
proceed with defining the desired preliminary relationships. The overall goal was to assess
such relationships (a) through expert assessments of multi-correlation, and (b) from
definition of parameters of the proposed semi-theoretical approach.

4.2 Format

As was the case for Phase 1, the Phase-2 questionnaire consisted of four main parts, which
are described as follows:

• Part A - General Information and Self Evaluation. This part requested the
respondent's name and affiliation, asked whether or not the respondent participated
in Phase 1, allowed the experts to indicate whether or not they planned to attend the
workshop, and again enabled them to provide a confidence rating as to their
perception of their own ability to contribute meaningfully to this elicitation process.

• Part B - Multiple Correlation Study Relating Type-D Indicators to Changes in
Component Failure Rates and Initiating Event Frequencies. This part requested
respondents to categorize plant safety culture in terms of numerical values of the
selected key "Type-D" indicators, and to assess confidence limits for changes in
component failure rates (on a generic basis, equipment-category-specific basis, or
both) and initiating event frequencies (on a generic basis, event-category-specific
basis, or both) conditional on safety culture. In addition, experts were given the
opportunity to provide relative importance factors for the Type-D indicators, and were
asked to provide a matrix of correlations among the various key Type-D indicators.

• Part C - Implementation of Semi-Analytical Model Relating Type-D Indicators to
Changes in Component Failure Rates. Respondents were requested to qualitatively
categorize the following: (a) maintenance frequency, in terms of factors of the
vendor-recommended frequency of maintenance; and (b) environmental severity in
terms of the number of standard deviations from a mean level of environmental
demand. Then, the experts were asked to assess the impact of maintenance
frequency and environmental severity on component failure rates and initiating event
frequencies, given the various safety cultures. The respondents' assessments were
to be used to establish a preliminary baseline relationship (and confidence limits)
conveying changes in component failure rates (on a generic basis, equipment-
category-specific basis, or both) in terms of deviations from an optimal maintenance
frequency. In addition, the assessments were to be used to define preliminary
shaping functions (and confidence limits) which relate amplifications/de-
amplifications on component failure rates, versus maintenance frequency, for various
combinations of safety culture and environmental demand severity.

• Part D - Comments and Suggestions. This part again provided respondents with the
opportunity to make critical comments and suggestions on the elicitation process with
the aim of enhancing its applicability and success. Such comments were to be
compiled and their consideration included as an item on the workshop agenda,
and/or they were to be used directly as a basis for developing the workshop program.
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Similar to Phase 1, the format of each Phase-2 questionnaire entry and response was made
as straightforward and self-explanatory as possible.

The major portion of the initial Phase-2 questionnaire consisted of a significant number of
tables relating performance indicators to safety culture in different ways, and relating safety
culture to changes in reliability measures on a component-specific and initiating-event-
specific basis.

4.3 Summary of Responses

Sixteen (16) experts responded to at least some aspects of the Phase-2 questionnaire
and/or provided comments regarding the questions and the expert elicitation process. All
respondents completed Part A; some respondents completed Part B; and a few of the
respondents completed Part C. Several respondents provided comments either in Part D or
as an aspect of separate correspondence.

4.4 Evaluation of Responses

In contrast to the substantially optimistic assessments related to the study objectives and to
self-evaluation observed from the Phase-1 responses, the Phase-2 responses, although still
positive, were notably less optimistic. The reasons for this change were implicit in the
respondents' comments, but were probably most directly related to (a) an unexpectedly
significant effort in completing the questionnaire, and (b) the need to provide additional
background information to clarify various elements of the questionnaire. (It is estimated that
roughly four to eight hours, and perhaps more, would be required in completing the
questionnaire.)

The responses to Part B were considered to be usable in developing a set of results,
whereas the responses to Part C were not considered to be sufficiently meaningful for
developing results. No specific quantitative summary, however, was performed on the
responses, as it was ultimately agreed (during the workshop program) that a revised Phase-
2 questionnaire would be developed by the investigators, and would be re-completed by the
experts.

4.5 Key Comments and Recommendations

Among the comments received by experts pertaining to the Phase-2 questionnaire, two were
considered as being particularly important with respect to their effect on study objectives.
The first of these issues pertained to need for having precise definitions of performance
indicators, as already revealed from the Phase-1 responses. Again, it was decided that a
final resolution to this concern would have to wait until the workshop, when the experts could
collectively propose the needed definitions. (This need was in fact anticipated during the
design of the expert elicitation process.)

The second issue of particular importance raised in experts' responses was the general
belief that the questionnaire was too complicated and that the approach had become too
sophisticated for the experts to meaningfully contribute. This general belief reinforced the
need to provide substantial clarification on the approach during the workshop, and was a
principal motivating factor in deciding to develop a revised Phase-2 questionnaire. The
revised Phase-2 questionnaire would thus depend substantially on feedback received during
the workshop program.

Other comments of significance received by experts in response to the Phase-2
questionnaire are summarized in the workshop program notes (Appendix C).
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5. WORKSHOP APPROACH AND FINDINGS

5.1 Purpose

The principal objectives of the workshop included the following goals:

1. To explain the background and purpose of the study, focusing on the expert
elicitation process, as well as clarify expectations of the participants;

2. To summarize findings of the Phase 1 and the initial Phase-2 questionnaires, to
discuss their implications relative to the workshop, and to resolve essential issues;

3. To refine and finalize the selection of Type-D performance indicators based on group
discussions, and to elicit comments on the format of relationships for use of
performance indicators; and

4. To discuss and document any caveats or dissenting opinions, as well as
recommendations, with respect to the project findings and its intended uses.

As anticipated, the workshop served as a pivotal point for the investigation, as the ensuing
discussions served to enhance communication, understanding, and feedback between the
investigative team and the participating experts.

5.2 Format

The workshop consisted of a one-day meeting held in Stockholm, Sweden on Tuesday 22
September 1998. The workshop was preceded on Monday 21 September by a planning
session at SKI headquarters aimed at making final preparations for the meeting. The
workshop was followed on Wednesday 23 September by a summary session with SKI that
included development of the revised Phase-2 questionnaire.

The workshop was designed to be very informal so as to stimulate open discussion, and all
participants were encouraged to actively contribute by way of listening, completing individual
worksheets, presenting their individual perspectives, taking part in group discussions, and
assisting in documenting their comments/observations as appropriate. In this regard, the
workshop was also goal oriented; that is, each participant was asked to contribute in a
manner that would focus on achieving the stated workshop objectives.

Appendix C of this report contains a copy of the workshop program and presentation notes
provided to each participant. The workshop consisted of the following sessions:

1. Project Introduction by SKI and ERI

A background summary on the overall project, from SKI's perspective, was
given by the SKI project manager. A technical summary of the project and
introduction to the workshop was provided by ERI representatives.

2. Summary of Project Framework

A detailed summary of the basic premise of the study, including analysis
based on conditional probability distributions, and explanation of an expert
elicitation process, were provided.
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3. Summary of Phase-1 Findings and Issues

An overview of the Phase-1 questionnaire and findings was provided. The
issues that were raised by the experts during Phase 1 were mentioned,
including the following:

• The need to clarify the definitions of some performance indicators.

• The need to distinguish between effects of safety culture on safety
equipment versus balance of plant (BOP) equipment.

• The need to account for plant-to-plant variation in the quality of
licensee LER reporting.

• The need to separate maintenance and operational considerations.

• The need to recognize the possibility that other similar studies may
already exist.

• The need to not make the approach too sophisticated, and to avoid
requiring too much work to implement.

• The need to consider the effects of design/fabrication problems.

• The need to consider whether the approach should be used only on a
plant-specific basis, or also for plant-to-plant comparisons.

• The need to treat passive components and functions.

• The need to consider common-cause effects.

• The need to consider problems resulting from the fact that
maintenance programs are usually separate from PSA tasks.

• The need to recognize that it is difficult to include effects of
environmental severity.

• The need to consider that some performance indicators could be
viewed as being either good or bad.

• The need to consider that some Type-D performance indicators could
possibly overlap with the Type A to C indicators, resulting in potential
double-counting of events.

• The need to consider that opinion-based failure rate correlations may
be questionable, whereas simple detecting of "trends" in safety
culture may be more justifiable.

Brief clarifications and discussions of these Phase-1 issues were included in
this workshop session.
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4. Summary of Initial Phase-2 Findings and Issues

An overview of the initial Phase-2 questionnaire and findings was provided.
The issues that were raised by the experts during the initial part of Phase 2
were mentioned, including the following:

• The need to clarify the definitions of some performance indicators.

• The need to clarify the basis for developing the list of key
performance indicators.

• The need to recognize that plant -specific factors (such as design,
vintage, complexity, etc.) should be accounted for when considering
the significance of a PI value.

• The need to identify data needs for supporting the approach.

• The need to simplify the Phase-2 questionnaire.

• The need to consider that the results of the performance monitoring
system could be misused.

• The need to consider that the optimum maintenance frequency may
be independent of environmental severity.

• The need to consider the position that too little maintenance always
negatively impacts component reliability, regardless of safety culture.

• The need to consider the viewpoint that expert opinion alone is
insufficient to complete the Phase-2 questionnaire, but that additional
data is needed.

• The need to consider the viewpoint that there is too much uncertainty
in completing the Phase-2 questionnaire tables.

• The need to make the study less theoretical.

• The need to consider common-cause failures.

• The need to consider that the proposed key performance indicators
can be measured at the component, system, or plant level.

• The need to use the SKI T-Book data as part of this study.

• The need to simplify/reduce the Phase-2 questionnaire, so as to
reduce the time required for its completion.

• The need to emphasize the empirical "trends" in performance
indicators, rather than correlations to PSA inputs.

Brief clarifications and discussions of these initial Phase-2 issues were
included in this workshop session.
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5. Expert Elicitation on Phase-1 Resolution

This session consisted of detailed discussions that focused on finalizing the
set of key performance indicators, and providing precise definitions for these
indicators. The session constituted a major element of the workshop, and
correspondingly, required the longest period of time to complete. Some
specific aspects of this session included the following:

• Ranking of Final Key Performance Indicators

• Consideration of Additional Independent Performance Indicators

• Consideration of Uses of the Performance Indicators

• Consideration of the Semi-Theoretical Model

6. Expert Elicitation on Phase-2 Resolution

This session consisted of some brief discussion aimed at facilitating the
experts' completion of the Phase-2 process. Some specific aspects of this
session included the following:

• Expert Elicitation Versus Empirical and Theoretical Approaches

• Relevance of Performance Indicators to the Characterization of Safety
Culture

• Implications of Definitions of the Key Performance Indicators

• Approach for Refining the Rankings of the Key Performance Indicators

• Development of Multi-Correlation-Based Relationships

• Development of Semi-Theoretical Relationships

• Complexity of the Resulting Relationships

• Possible Uses of the Relationships

7. Expert Elicitation on Recommendations

During this session, the experts were asked to provide their recommendations
on (a) development of a revised Phase-2 questionnaire; (b) data collection
needs and needed areas of related investigation; and (c) meaningful
applications of the overall performance monitoring approach.

8. Workshop Summary

The workshop was concluded with a technical summary by ERI and a
programmatic summary by SKI.
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5.3 Summary of Expert Assessments

A total of sixteen (16) experts participated in the workshop. All experts in attendance
participated to some extent in the discussions, and several actively contributed to the
content of the workshop. Overall, the experts focused on the goal at hand, and provided
meaningful input toward achieving the goals of the workshop.

5.4 Evaluation of Expert Assessments

The expert assessments at the workshop are believed to have provided a substantial wealth
of reliable information, particularly with respect to the selection and definition of key
performance indicators. The assessments furnished a sound basis for formulating the
revised Phase-2 questionnaire and for justifying confidence in the anticipated benefits of this
study.

5.5 Key Findings and Recommendations

The workshop program was considered to be a success for the following reasons: a
meaningful transfer of technology took place among the experts and the study investigators;
a final set of key performance indicators was developed, and reasonably precise definitions
for such indicators were obtained; the experts provided useful feedback in simplifying and
better focusing the study approach; and at the conclusion of the workshop, the experts
agreed that they had a sufficient level of understanding to complete their role in the expert
elicitation process.

The principal results of the workshop are summarized below:

1. A final set of eleven (11) key performance indicators, defined in Table 5.1, was
selected to serve as the basis for further evaluation.

2. The proposed semi-theoretical model was viewed as being too sophisticated for the
immediate objectives of this study, and the experts choose to postpone consideration
of this model until additional data and experience related to performance monitoring
could be acquired.

3. It was decided to develop relationships applicable to all types of components and all
categories of initiating events, rather than to specific types or categories. The experts
felt that there was an insufficient basis to currently draw component-specific or
initiating event-specific relationships, and they also felt that the level of effort in
completing the revised Phase-2 questionnaire could be correspondingly reduced.

4. The format for a revised and simplified Phase-2 questionnaire was outlined.
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Table 5.1 Key Performance Indicators Resulting from Workshop

Key Performance Indicators

1. Annual rate of safety-significant errors (i.e., reportable violations of technical specifications)
by plant personnel, contractors, and others.

2. Annual rate of maintenance problems (defined as maintenance rework or overdue
maintenance).

3. Percentage of planned maintenance that is not completed on schedule.

4. Ratio of corrective versus preventative maintenance work requests (MWRs) on safety
equipment.

5. Annual rate of corrective maintenance.

6. Annual rate of problems (deviations/failures) with repeated root cause (i.e., a cause previously
identified by a vendor, the plant, another plant, the regulator, etc., for a similar plant or group
of plants, or for similar components).

7. Annual rate of plant changes that are not incorporated into design-basis documents by the
time of the next outage following the change.

8. Annual rate of balance-of-plant (BOP) equipment failures.

9. Annual rate of forced power outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications that have been in place for more than one year.
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6. DESCRIPTION AND FINDINGS OF THE REVISED PHASE-2 QUESTIONNAIRE

6.1 Purpose

The purpose of the revised Phase-2 questionnaire was similar to the initial Phase-2
questionnaire. That is, having determined from the workshop program the most promising
set of independent variables to be used in predicting impacts on reliability measures, the
purpose of the revised Phase-2 questionnaire was to proceed with defining the desired
preliminary relationships. The overall goal was to assess such relationships through expert
assessments of multi-correlation tables. The multi-correlation tables asked the expert to first
relate values or statistics of performance indicators to states of safety culture, and then to
relate states of safety culture to changes in statistics of reliability measures (relative to
statistics of the unconditional probability distribution). In contrast to the initial Phase-2
questionnaire, the revised version does not seek to establish the desired relationships by
means of expert assessments pertaining to the semi-theoretical model, as it was decided
during the workshop program to remove this model, so as to simplify the questionnaire.

6.2 Format

The basic format of the revised Phase-2 questionnaire was derived from the initial Phase-2
questionnaire. However, Part C of the questionnaire was eliminated, and Part A was
expanded to incorporate experts' comments regarding the value of workshop program.
Hence, the revised Phase-2 questionnaire consisted of the following parts:

• Part A - General Information and Self Evaluation. This part requested the
respondent's name and affiliation, asked whether or not the respondent attended the
workshop, gave the respondent the opportunity to comments on the usefulness of the
workshop program (or workshop notes), enabled the experts to provide a confidence
rating as to their perception of their own ability to continue to contribute meaningfully
to this elicitation process, and to indicate their degree of belief that the study
objectives are reasonable achievable.

• Part B - Multiple Correlation Study Relating Type-D Indicators to Changes in
Component Failure Rates and Initiating Event Freguencies. This part requested
respondents to categorize plant safety culture in terms of numerical values of the
selected key "Type-D" indicators, and to assess confidence limits for changes in
component failure rates (on a generic basis, equipment-category-specific basis, or
both) and initiating event frequencies (on a generic basis, event-category-specific
basis, or both) conditional on safety culture. In addition, experts were given the
opportunity to provide relative importance factors for the Type-D indicators, and were
asked to provide a matrix of correlations among the various key Type-D indicators.

• Part C - Implementation of Semi-Analytical Model Relating Type-D Indicators to
Changes in Component Failure Rates. This part was deleted from the revised
questionnaire.

• Part D - Comments and Suggestions. This part again provided respondents with the
opportunity to make critical comments and suggestions on the elicitation process with
the aim of enhancing its applicability and success. (These comments are
summarized in Section 6.5 below.)

The major portion of the revised Phase-2 questionnaire consisted of tables relating
performance indicators to safety culture in different ways, and relating safety culture to
changes in generic reliability measures.
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A copy of the revised Phase-2 questionnaire is included as Appendix D to this report.

6.3 Summary of Responses

Sixteen (16) experts responded to at least some aspects of the revised Phase-2
questionnaire and/or provided comments regarding the questions and the expert elicitation
process. All respondents completed Part A; most respondents completed the major portion
of Part B; and several respondents provided comments either in Part D or as an aspect of
separate correspondence.

6.4 Evaluation of Responses

A summary of responses to the revised Phase-2 questionnaire is provided in Appendix E.
The collective responses to Part A reveal that most experts still had confidence that they
were qualified to participate in the study. The majority also generally indicated that they
thought the objectives of the study were reasonably achievable. Although favorable, these
responses were somewhat less positive than indicated in the Phase-1 questionnaire. This
change, however, is not unexpected given the increase in complexity and level of effort
needed to complete the Phase-2 questionnaire. The results still indicate a reasonably solid
basis for making use of the expert assessments. The experts also generally indicated that
the workshop program and/or notes were valuable to their understanding and participation in
this project.

The detailed information provided by respondents in their completion of the tables contained
in Part B of the questionnaire serves as the main database which is needed to obtained the
relationships desired in this study. In other words, this database of results constitutes the
principal product of the expert elicitation; preceding steps in the elicitation process have
been developed to ultimately achieve this database. The evaluation of the Part-B results,
then, will lead to the expert-based probabilistic relationships between performance indicators
and safety culture, and between safety culture and quantitative effects on reliability
measures. Descriptions of how the database results are evaluated and processed in
obtaining the relationships are given considerable attention, as described in some detail in
Sections 7 and 8 of this report.

In Part D of the revised Phase-2 questionnaire, a number of experts provided their final
comments on their responses and the overall expert elicitation approach. These comments
are discussed in the following subsection.

6.5 Key Comments and Recommendations

Comments on the revised Phase-2 questionnaire were received from a number of
respondents. Some comments pertained to clarifications of the experts' responses, whereas
others pertained to feedback on the study approach. The most significant comments
pertaining to the study approach included the following:

1. Maintenance data will depend strongly on age, size, and complexity of the plant.
Inadequate consideration of this issue will significantly impact results (i.e., data
cannot be related to safety culture alone).

2. Performance indicators based on rate numbers can be misleading since a good
safety culture incorporates a good reporting philosophy. For instance, a plant having
a good safety culture may be very careful and report all interesting data. On the
other hand, a plant with a poor safety culture (which may be characterized by a "bad"
reporting philosophy) may report a low number of events. By just measuring the rate
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of reported incidents, it is possible that a plant could be "penalizing" for having a
good safety culture.

3. A low correlation between two indicators could be caused by the fact that the
indicators measure different aspects of safety culture, and then both of them should
be included in the final suggestion; or it could be caused by the fact that one of the
indicators does not say anything about safety culture, and the indicator should then
not be included.

4. If consistency is encountered in the answers from the working group, it could be due
to the fact that we have found really efficient indicators, but it could also be that many
of the experts have been guided by the examples (in the questionnaires).

5. Data is needed to make the expert assessments.

6. Common-cause failures need to be considered.

7. More precise definitions of the performance indicators may still be needed.

These comments are important to consider either within the framework of implementing the
results of this study or in performing refined analyses of performance data once such data
have been collected. Nonetheless, the vital point is that a preliminary performance
monitoring system must be implemented before such data collection and refinements can
ultimately be made. Hence, the comments serve to reinforce the need to get started with a
performance monitoring process. For instance, resolution of the first comment requires that
performance experience data for different plants be obtained and compared, in order to
determine the effect of various plant parameters on the performance findings. Resolution of
the second comment may require that certain standards and controls be adopted in reporting
the performance-significant events. And resolution of the fifth and seventh comment's above
pertains to refinements that can occur only after a system for data collection and
performance monitoring is put into place.

Resolutions to the other comments (i.e., the third, fourth, and sixth comment) are already
considered to be addressed by the present study. For instance, pertaining to the third
comment, the experts have assigned relative worth values to all performance indicators, in
addition to correlations; together, the relative worths and correlations enable the
determinations of which indicators should be included. Regarding the fourth comment, the
experts have been encouraged to provide credible assessments, and the questionnaires
have provided multiple ways in which experts could input such assessments. Finally,
regarding the sixth comment, common cause failures are addressed in that the performance
monitoring system relies on the use of a plant-specific PSA model, which should
appropriately address common-cause failures.
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7. TYPE-D INDICATORS AND SAFETY CULTURE

This section describes how the final database of expert assessments derived from Part B of
the revised Phase-2 questionnaire have been analyzed to produce relationships between
key Type-D performance indicators and prescriptive designations (i.e., discrete qualitative
states, deterministically defined) of safety culture. The first aspect of analysis considered in
this discussion pertains to the finalization of a list of key performance indicators based on
relative worths and correlation coefficients assessed by the experts. The second aspect of
analysis involves the development and use of a relationship that combines the individual
performance indicators into a composite parametric model relevant to defining safety culture.
The third aspect of the analysis incorporates into this parametric model, the experts'
assessments for values of performance indicators corresponding to thresholds of safety
culture. And the fourth aspect of the analysis presents the basis for making probabilistic
predictions of safety culture using the parametric model.

7.1 Overview of Database of Expert Assessments

The database of expert assessments used for the present analyses is summarized in the
tables contained in Appendix E; specifically, the database includes the results provided in
tables numbered 1 to 5 under Heading B "Multiple Correlation Study Relating Type-D
Indicators to Changes in Component Failure Rates and Initiating Event Frequencies." These
summary tables include statistics (mean and coefficient of variation) of the experts'
responses. The first table summarizes statistics on the values of the relative worth factor for
the key performance indicators. The second table provides statistics on the values of
performance indicators that define thresholds distinguishing the following five states of safety
culture: (1) superior, (2) above average, (3) average, (4) below average, and (5) inferior.
The third table provides statistics of the experts' responses as to the number of standard
deviations from the mean value of a performance indicator that corresponds to each of the
preceding levels of safety culture. The fourth table provides statistics of the experts'
responses as to the factors that, when applied to the median value of a performance
indicator, correspond to each category of safety culture. And the fifth table provides
statistics of the experts' assessments as to the correlation coefficients among the various
performance indicators.

The statistics reported in the preceding tables were developed from the set of sixteen
responses received by the experts. Prior to computing these statistics, the individual values
reported by respondents were checked in detail to ensure that any cases where data were
missing or were obviously erroneous or inconsistent were removed from the data sample.
For example, some experts simply chose not to provide a value for each and every entry of
the data tables. Also, there were some occasional problems noted in the data (e.g.,
impossible values, wrong ordering of values, etc.) that were removed from the sample. In
some instances, it appeared that the problem was simply a typographical error, transposition
error, or similar. In some isolated cases, however, due to a consistent pattern in problem
data, it was apparent that a specific line or table of data was entered incorrectly, in which
case the data values were removed from the sample. As a result, in several instances, a
given statistic may have been based on a sample of somewhat less than the full set of
sixteen responses.

The evaluation and statistical analysis of expert responses was performed in a computer
spreadsheet. The formulas used for calculating mean and coefficient of variation (COV) are
summarized as follows:

N
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where N is the number of samples and Zj are the sample values.

The COV is equivalent to the standard deviation divided by the mean. In contrast to the
standard deviation alone, this normalized parameter provides a consistent basis for
comparing the variability in data that does not depend on the scale of the sample values.
For example, the COV values reported in Table E.2 of Appendix E can be directly compared
for the various performance indicators, whereas the standard deviation values among
performance indicators could not be directly compared since there is a vast difference in
scale among the various indicators.

If the mean has a negative value, then the COV will correspondingly take on a negative
value. For example, some of the COV values reported in Table E.3 of Appendix E are
negative since the corresponding mean value is negative. Hence, the absolute values of the
COV results reported in these tables should be used to characterize and compare the
variabilities.

7.2 Finalization of Key Performance Indicators

For each of the eleven key performance indicators selected and defined during the
workshop, the experts provided their assessments, in the revised Phase-2 questionnaire, as
to their degree of belief that the indicator has a relationship to changes in reliability
measures. For each indicator, the mean value of the degree of belief was determined in
order to characterize the relative worth of the indicators (similar to the approach used in
analyzing the Phase-1 results). The results varied from the lowest-worth value of 53 to the
highest-worth value of 87. Although a relative worth value in excess of 50 suggests at least
some degree of agreement that the indicator correlates with reliability, values less than
roughly 65 to 70 were not considered to constitute a strong endorsement of an indicator
(since a relative worth factor of 75 and above corresponds to the belief of general agreement
that the indicator has a relationship to reliability). In this study, it was decided to keep (for
purposes of subsequent analysis and demonstration) only those performance indicators
having a relative worth factor of 70 or higher. Application of this criterion reduced the list of
key performance indicators to a set of five identified as having highest worth. Clearly, this
criterion is somewhat arbitrary (being based on judgment), and it would not be unreasonable
to include indicators having somewhat lower relative worths. It is thus recognized that this
criterion could be adjusted in conducting subsequent parts (i.e., Parts 3 and 4) of the overall
research investigation. On the other hand, the set of five indicators is considered to be
manageable, not imposing an undue burden on licensee data collection requirements, and
yet conveys a meaningful "portrait" of plant performance. The five selected indicators also
satisfy other desired characteristics/criteria that may not be satisfied with the introduction of
additional indicators.

In this regard, an additional criterion, one pertaining to independence of variables, was also
applied for finalizing the list of performance indicators. That is, a list of substantially
independent indicators was desired to help ensure that the most robust prediction would be
achieved with the fewest variables. (In other words, making use of several indicators that
are highly dependent promotes unnecessary redundancy. The redundant variables have



limited ability to further reduce the prediction residuals. In contrast, adding just a few
variables that are independent and that individually have high worth in predicting safety
culture, improves the chances that further reduction in prediction residuals will be achieved.)
To help eliminate the dependent indicators, the experts' assessments of correlation
coefficients were used. For the purpose at hand, a mean correlation coefficient (absolute
value) of 0.3 or lower was interpreted as indicating essentially zero correlation; a mean
coefficient value between 0.3 and 0.7 was interpreted as indicating some correlation; and a
mean coefficient value of 0.7 or higher was interpreted as indicating essentially strong
correlation. (Again, this choice of values is based on judgment, but yet captures the
essence of dependence in a manner consistent with the uncertainty in the expert
assessments.) Hence, the preceding set of high-worth performance indicators was
assessed to find if a mean correlation coefficient of 0.7 or greater was encountered between
any two indicators. Among the five high-worth performance indicators (comprising 25 entries
in the matrix of correlation coefficients), no such case of high correlation was encountered,
yet several cases of low correlation were evident. This favorable finding indicates that there
is no compelling reason to eliminate any of the high-worth performance indicators on the
grounds of dependence.

Another criterion considered worthy of inclusion in the process of finalizing the list of
performance indicators relates to the coefficient of variation in the relative worth factor
among the expert assessments. Ideally, the selected high-worth indicators would have a low
variability in the assigned relative worth factors. Such a case helps verify a consensus or
consistency in assignment among the experts. Interestingly, all five identified high-worth
performance indicators have comparatively low coefficients of variation (0.2 to 0.3) in the
relative worth factor assignments. This finding supports the meaningfulness of the identified
indicators.

Based on the foregoing evaluation, the final list of performance indicators that have been
used for the analyses of this study are summarized in Table 7.1 below.

Table 7.1 Final List of High-Worth Performance Indicators

No.

1

2

3

4

5

Performance Indicator

Annual rate of safety-significant errors (i.e., reportable violations of technical
specifications) by plant personnel, contractors, and others.

Annual rate of maintenance problems (defined as maintenance rework or overdue
maintenance).

Ratio of corrective versus preventative maintenance work requests (MWRs) on safety
equipment.

Annual rate of problems (deviations/failures) with repeated root cause (i.e., a cause
previously identified by a vendor, the plant, another plant, the regulator, etc., fora similar
plant or group of plants, or for similar components).

Annual rate of plant changes that are not incorporated into design-basis documents by the
time of the next outage following the change.

Mean
Worth

87

71

70

80

70

7.3 Development of Parametric Model for Predicting Safety Culture

Based on the experts' assessments of correlation coefficients, it was concluded for the
purposes of this study that the five performance indicators could be treated as being
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independent. It was then desired to develop a meaningful relationship that could be used to
predict the state of safety culture (dependent variable) and that incorporates the five
indicators (as the set of independent variables). To be most consistent with the experts'
assessments, it was important that the desired relationship have the following
characteristics:

1. The relationship should be as simple as possible, as the available expert data and
limitations with respect to the present state of knowledge do not justify development
of a complicated model.

2. The relationship should describe a set of parametric surfaces that bound regions of
given safety culture. That is, the relationship should convey the threshold/boundaries
that distinguish between separate states of safety culture.

3. The relationship should be constructed such that each of the five indicators has a
contribution to reaching the safety culture threshold.

4. The relationship should preserve the intercept values collectively specified by the
experts (Tables 2 to 4 of Part B of Appendix E). An intercept value is the level of a
given indicator that causes incipient crossing of a chosen safety threshold, assuming
that the level of all other indicators is zero. Hence, assuming all other indicators to
be zero, the intercept value of the remaining single performance indicator equals the
individual value required to cross a given safety culture threshold, as obtained from
the experts' assessments.

5. The relationship should be intercept influenced. A relationship that is intercept
influenced will have a convex shape describing the combination of parameter values
that bound two regions of safety culture (i.e., a near-intercept value of at least one
variable will be needed cross the safety culture threshold). In contrast, a concave
shape of the parametric boundary between two regions of safety culture is origin
influenced (i.e., only comparatively low values of all variables would be needed to
cross the safety culture boundary).

In practical terms, this desired characteristic implies that values of the five indicators
should not be simply summed to determine threshold exceedance. For example, if
the threshold for an inferior safety culture could be reached by each of the five
indicators being equal to one-fifth of their intercept values for that safety culture
boundary, then an assignment of an inferior safety culture could be realized even
though the values for each indicator taken individually would suggest perhaps an
above-average safety culture. So as not to realize this extreme circumstance, the
relationship should require that, even though all five indicators contribute to
exceeding the threshold, a dominant fraction of the individual intercept value of each
indicator must be required to reach the threshold.

6. The relationship should account for the relative worths of the performance indicators.
For example, a somewhat larger fraction of the intercept value of the lowest-worth
indicator would be required for threshold exceedance as compared to that needed for
the highest-worth indicator.

A variety of mathematical relationships that would serve the purposes of this study can be
conceived. The relationship selected for this study is a simple and familiar form, yet
sufficiently flexible to achieve the desired characteristics. This relationship, which is
applicable to the boundary corresponding to the threshold for a given safety culture, here
denoted as "SC", is given as follows:
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where xi denotes the value of the ith performance indicator; (Xi)Sq is the intercept value of
the ith performance indicator for the jth safety culture threshold; a is a constant controlling
the smoothness of the boundary; and Wj is a factor reflecting the relative worth of the ith
performance indicator. For the purposes of this study, values of Wj are simply obtained as
the ratio of the mean worth presented in Table 7.1, divided by 70; hence, a mean worth of 70
(the lowest value reported in Table 7.1) corresponds to a relative worth factor of 1.0,
whereas a mean worth of 87 (the highest value in Table 7.1) corresponds to a relative worth
factor of 1.24. For reasons discussed below, values of the factor a between 2 to 4 are
considered reasonable for use in this study.

Equation 7.3 deserves some brief examination. First of all, when the values of (aWj) are
equal to 2, the equation takes on the form of an ellipse (for the two-dimensional case, i=2),
and ellipsoid (for the three-dimensional case, i=3), or a multi-dimensional ellipse (for i>3).
For larger values of (aWj), the "comers" of the surface sharpen, making the surface more
intercept-controlled. The values of each performance indicator are normalized by (Xj)Sq so
that all indicators are put in terms of ratios of their reference (intercept) values. This insures
that indicators do not get weighted more than others simply due to the fact that, by their
nature, they pertain to higher counts/values (e.g., annual rate of maintenance problems
versus ratio of corrective-to-preventative maintenance). The use of W| provides the
legitimate basis for weighting performance indicators according to their relative worths.

Values of a between 2 to 4 are considered appropriate because they produce a generally
smooth convex shape of the surface comprising the safety culture boundary. In this regard,
it should be noted that Eq. 7.3 is capable of modeling a significant variety of shapes for the
safety culture boundary. Large positive values of the product (awO produce a box-like
(intercept controlled) shape of the boundary; where the product (aWj) equals unity, a
triangular shape of the boundary results; and where the product (aWj) is a positive value less
than unity, a convex (origin controlled) shape of the boundary is realized. (Negative values
of [aw,] result in an unusable form of the boundary shape.) Although the choice of a can be
adjusted, and some related additional sensitivity investigation will need to be undertaken (in
subsequent Parts 3 and 4 of the overall research effort), the most credible value is likely
somewhere between 2 to 4; values of a less than 1.0, or greater than 5.0, have been
deemed implausible based on examinations of the boundary shapes produced by Eq. 7.3.

For each safety culture threshold SQ, Equation 7.3 defines a five-dimensional surface. If the
values of performance indicators are such that this boundary is not exceeded (i.e., the right
hand side of Eq. 7.3 is substituted with "less than unity" [i.e., <1]), then the state of safety
culture is better than that designated by the threshold SCj. On the other hand, if the values of
performance indicators are such that this boundary is exceeded (i.e., the right hand side of
Eq. 7.3 is substituted with "greater than unity" [i.e., >1]), then the state of safety culture is
worse than that designated by the threshold SCj. As an example, suppose that a set of
performance indicators is evaluated by means of Eq. 7.3, where it is shown that the
threshold for SC2 is exceeded, but not the threshold for SC3. Then the state of safety culture
can be designated as "Average" since (according to the designations of safety culture used
herein) SCi constitutes the threshold between "Superior" and "Above Average"; SC2

between "Above Average" and "Average"; SC3 between "Average" and "Below Average";
and SC4 between "Below Average" and "Inferior."
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7.4 Determination of Parameter Values from Expert Assessments

Equation 7.3 can be implemented using the data supplied by experts in this study. It has
already been discussed how the relative worth factors Wi make use of the mean worth values
obtained from expert responses. Tables E.2, E.3, and E.4 of Appendix E provide data that
supply the needed values of (XJ)SCJ- The questionnaire process was designed to obtain this
data from the experts in alternative ways, so that (a) a consistency check could be
performed on the responses, (b) the alternative resulting in the lowest variability (and hence,
greater agreement) among the experts could be identified, and (c) data and methods needed
for both initial implementation and subsequent refined implementation would be available.

For instance, Table E.2 defines results for (XOsq based on actual values estimated by the
experts. As the coefficients of variation in this table reveal, there was considerable
uncertainty among the experts in making their assessment. (This uncertainty was verbalized
by the experts during the workshop and in comments provided on questionnaires.) It was
clear that, among the three tables, the experts felt most uncomfortable with the uncertainty in
completing Table E.2. Nonetheless, the uncertainties are not considered to be outlandish for
a preliminary assessment. A particularly interesting fact is that the set of indicators selected
on the basis of high worth were generally associated with among some of the lowest
coefficients of variation (COVs) reported in Table E.2. This finding provides convincing
independent testimony that the selected key indicators are the most reliable/robust for
assessing safety culture. It is also noteworthy that the COVs for a given performance
indicator, but for different safety culture thresholds, are amazingly similar; a single COV
value for each indicator is sufficient to describe the variability in values of (Xi)Sq. A typical
value of the COV for the final selected list of performance indicators is about 0.8 to 0.9.
Although this value is clearly large, the results in Table E.2 are both credible and usable for
preliminary assessment of the desired Type-D relationships, for the following reasons: (1)
such variability is not atypical of expert assessments; (2) similar variability due to
randomness and uncertainty can be exhibited in some models of physical behavior even
where data are available; and (3) the results in Table E.2 will be used only to "bootstrap" the
data collection and performance monitoring process (i.e., once sufficient data have been
collected, it is anticipated that the safety culture definitions conveyed by Table E.3 or E.4 will
be used to more reliably ascertain safety culture.)

Tables E.3 and E.4 of Appendix E define results for (Xi)Sq in terms, respectively, of values of
number of standard deviations from the mean and factors of the median. To complete these
tables, the experts were not required to relate actual values of performance indicators to
states of safety culture. Rather, convenient statistics of performance indicators were
essentially used to provide a definition of the states of safety culture. It was easier for the
experts to designate a performance indicator level of, say, 2.5 standard deviations below the
mean, or 0.4 times the median value, as a defined threshold between a Superior safety
culture and an Above Average safety culture, than to say that this threshold should be
defined as an actual value of, say, 8.0 maintenance problems per year. The reason for this
is that the experts, although perhaps generally familiar with the order of magnitude of typical
values for some representative indicators based on their intuition and experience, may likely
not know the values of the indicators with significant precision, may have only an idea of how
a variation in the specific definition of an indicator could change the values, may not be
certain as to how the indicator would get reported for a given plant (and how plant-specific
variations in reporting might affect the numbers), etc. On the other hand, it is quite easy to
identify or define anomalies or outliers, or to characterize what is normal, based on values of
statistics (since, after all, the field of statistics was developed for this purpose.) The COV
values reported in Tables E.3 and E.4 thus do not vary much with the specific performance
indicator, in contrast to the case of Table E.2 (where significant differences in the COV
values were obtained for different indicators). In fact, a single typical COV value of about 0.4
is sufficient to characterize the variability in all values of (Xi)Sq reported in these two tables.
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This result reveals that, for purposes of this study, it is beneficial to simply define safety
culture thresholds in terms of the statistics of performance indicators. By so doing, once
data become available to accurately define the performance indicator statistics, the process
of predicting safety culture can be significantly refined (as compared to reliance on the
preliminary, uncertain values based on expert opinion alone).

An inspection of Tables E.3 and E.4 reveals that the values of (Xi)sq do not change
significantly for different performance indicators. Hence, it is sufficient (and desirable for the
sake of consistency) to define statistic-based values of safety culture thresholds in a manner
independent of the specific performance indicator. The values suggested from the
responses of the experts are provided in Table 7.2 below.

Table 7.2 Safety Culture Thresholds in Terms of (a) Number of Standard Deviations
from the Mean Value of a Performance Indicator, and (b) Factor Multiplying
the Median Value of a Performance Indicator.

(a) Number of Standard
Deviations from the Mean

(b) Factor Multiplying the
Median

Superior
Safety
Culture

<-2.3

<0.3

Above
Average
Safety
Culture

-2.3to-1.0

0.3 to 0.7

Average
Safety
Culture

-1.0to+1.0

0.7 to 1.5

Below
Average
Safety
QUltttr*

+ 1.0to+2.3

1.5 to 3.0

Inferior
Safety
Culture

>+2.3

>3.0

Although these factors were developed to apply to individual performance indicators, they
can also be conveniently applied to statistics of a derived distribution based on the
composite threshold indicator expressed by Equation 7.3.

7.5 Probabilistic Prediction of Safety Culture from Performance Indicators

There are two related probabilistic aspects of performing predictions of safety culture from
values of performance indicators: (1) defining safety culture thresholds in terms of statistics
from the distribution of performance indicators; and (2) applying a distribution on the safety
culture threshold itself in the case that it is preferred to have a "fuzzy" definition of safety
culture.

Regarding the first probabilistic aspect, once collection of the desired performance indicator
data proceeds, statistics on the individual performance indicators will be obtained, and the
factors identified in Table 7.2 can be used to calculate values of (Xi)Sq from these statistics.
Then, for a given set of observed performance indicators, Equation 7.3 can be applied to
determine the state of safety culture. Until performance indicator statistics become
available, the values supplied by experts, in Table E.2 of Appendix E, can be used for
characterizing the needed statistics.

Regarding the second probabilistic aspect, it is recognized that there is some small
probability that a plant may truly have a good safety culture, despite the fact that the
performance indicators suggest a poor safety culture (and vice-versa). It is possible to
model this effect by developing an appropriate probability distribution on the characterization
of safety culture thresholds. Realizing, however, that there is currently no completely
reliable system for perfectly determining safety culture, by which to compare with the results
of the performance indicator approach, it is considered more beneficial to simply define a
measure of safety culture in terms of performance indicators and develop a data collection
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based on the definition. This approach not only simplifies the determination of impacts on
reliability measures, but also provides a consistent basis for developing culture-conditional
distributions from failure rate data, so as to improve the development of relationships
between safety culture and changes in reliability measures.
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8. RELATIONSHIPS BETWEEN SAFETY CULTURE AND CHANGES IN
RELIABILITY MEASURES

Having established a model and procedure to predict safety culture from the set of
performance indicators, it is necessary to define a procedure for establishing relationships
between safety culture and changes in reliability measures. This section describes how the
final database of expert assessments derived from Part B of the revised Phase-2
questionnaire have been analyzed to produce such relationships. The first aspect of such
analysis has included a simple and consistent reduction in results, and the second aspect of
analysis pertains to the basis for making probabilistic predictions of reliability influences
using the relationships.

8.1 Overview of Database of Expert Assessments

The database of expert assessments used for the present analyses is summarized in the
Table E.6 of Appendix E. This summary table includes statistics (mean and coefficient of
variation) of the experts' responses pertaining to factors that multiply the mean failure rate or
mean initiating event frequency, and that correspond to the following five states of safety
culture: (1) superior, (2) above average, (3) average, (4) below average, and (5) inferior.
The statistics reported in this table were developed from the set of sixteen responses
received by the experts. Prior to computing these statistics, the individual values reported by
respondents were checked in detail to ensure that any cases where data were missing or
were obviously erroneous or inconsistent were removed from the data sample.

8.2 Summary of Relationships

An examination of Table E.6 reveals that the mean among expert assessments of influences
of safety culture on component failure rates are quite similar to the assessed influences on
initiating event frequencies. This finding is considered reasonable for this preliminary
evaluation, as there may be little present justifiable basis for drawing conclusions that
differentiate influences on these reliability measures. Hence, it is considered appropriate to
implement the same values (i.e., factors that multiply the mean reliability measures) for
component failure rates and initiating event frequencies.

The COV values reported in Table E.6 of Appendix E also show generally similar results for
each type of reliability measure. Correspondingly, it is considered appropriate to summarize
a single set of COV values.

The resulting relationships proposed from this study are provided in Table 8.1 below.

Table 8.1 Relationship Between Safety Culture and Statistics (Mean and Coefficient of
Variation) of the Change in Mean Frequency of Failure or Initiating Event

Mean Factor Multiplying the
Mean Frequency

Coefficient of Variation of
Factor Multiplying the Mean
Frequency

Superior
Safety
C&ltwe

0.4

0.6

Above
Average
Safety
Culture

0.6

0.4

Average
Safety
Culture

1.0

0.1

Below
Average
Safety
Cufture

1.75

0.4

Inferior
Safety

2.5

0.6
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8.3 Probabilistic Prediction of Reliability Influences from Performance Indicators

Reliability measures (component failure rates and initiating event frequencies) are generally
described by means of a marginal (unconditional) probability distribution, whereas an
underlying joint probability distribution function of reliability and safety culture can be used to
refine the characterization of reliability through determination of distributions conditional on
safety culture. Table 8.1 presents the expert-based assessment as to the change in mean
value for the conditional distributions relative to the mean of the marginal distribution.
Hence, the mean factors in Table 8.1 multiply the mean marginal reliability to obtain the
refined conditional reliability. Without specific information regarding the influence on the
conditional standard deviation, it is reasonable to assume the same standard deviation for
the marginal distribution of reliability and the safety-culture-conditional distributions.

It is possible to use the COV values in Table 8.1 to introduce variation in the mean of the
conditional distributions relative to the marginal distribution. Such characterization enables
one to determine "likelihood functions" - that is, conditional probabilities that a specific safety
culture will be sampled given a known value of the mean failure rate or initiating event
frequency. Such likelihood functions are used in the application of Baye's Rule, as
described in the following section.
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9. APPLICATION OF BAYESIAN UPDATING PROCESS FOR PLANT-SPECIFIC
ASSESSMENTS

This section provides an example that illustrates (a) application of the process for
determining safety culture from performance indicators, and then (b) determination of a
posterior distribution of a reliability measure based on safety culture "sampling". First, a
summary of the steps involved in the process is given. Then, the determination of safety
culture using the formulation presented in Section 7 is illustrated. Next, the basis for
determining likelihood functions from the expert responses discussed in Section 8 is
described. Finally, the application of Baye's Rule to obtain the posterior distribution of a
reliability measure is illustrated.

9.1 Summary of Steps

The basic concept of the Bayesian updating approach is that there exists a known marginal
prior distribution on component failure rate (or initiating event frequency), and that an
improved (posterior) distribution of failure rate can be obtained if one has sample data
pertaining to safety culture. In our application, safety culture sampling is realized implicitly
by first sampling the values of key performance indicators, and then using the relationship
developed in Section 7 to describe the state of safety culture.

Thus, the overall process for application of the Bayesian updating process for making plant-
specific assessments of failure rate includes the following steps:

1. Collect sample data (over a given period of time) on the values of the five key
performance indicators (i.e., the x, results).

2. Determine values (Xi)SCj (i.e., the intercept values defining safety culture thresholds)
using data summarizing the expert responses (i.e., Table E.2 and Table E.3 or E.4 of
Appendix E).

3. Apply Equation 7.3 using the performance indicator data (from Step 1), the intercept
values (from Step 2), and appropriate values of a and Wj. Apply the equation for
each of the various safety culture thresholds, so as to determine which state/region
of safety culture is indicated by the sample performance indicator data. The state
thus determined serves as a sample of the safety culture.

4. Determine likelihood functions (i.e., probabilities of safety culture given a mean
frequency of failure or initiating event occurrence) using data summarizing the expert
responses (Table 8.1).

5. For the "realization" or "sample" of safety culture determined from Step (3), and using
the likelihood functions determined from Step (4) as well as existing information on
the "prior" distribution of the mean reliability measure, apply the Bayesian
methodology to obtain a refined, conditional estimate of the distribution (i.e.,
"posterior" distribution) of the mean reliability parameter. The posterior distribution
represents the product of the analysis, which is an improved characterization of the
reliability measure.

These steps are illustrated by means of a simple example problem described in the following
subsections.
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9.2 Example Determination of Safety Culture from Performance Indicators

Following Step (1) above, we assume that a sample of performance data for the five key
indicators has been collected at a particular plant. The hypothetical sample indicator data is
summarized in Table 9.1 below.

Table 9.1 Hypothetical Sample of Recorded Performance Indicator Data

Indicator, i

Value Xj

1=1

2.1

t=2

4.5

1=3

0.11

r=4

0.0

HI :

3.6

In order to apply Equation 7.3 the intercept values, (Xj)Sq need to be obtained. In the
absence of existing statistics on the levels of performance indicators, Table E.2 can be used
to directly assess the intercept values associated with each safety culture threshold. These
values are summarized in Table 9.2 below.

Table 9.2 Intercept Values, (Xi)sq Determined from Experts' Assessments

Indicator, i

i=1

i=2

i=3

i=4

i=5

Sa{sefjorto
Above Average
Safety Cultete

3.4

4.5

0.2

5.1

1.7

Above Average
to Average

Safety Cuftare
Tfwesfiofel

tm
6.1

9.4

0.3

10.3

4.3

Average to
Below Average
Safety Culture

TferesfcoW

11.8

17.5

0.6

20.4

8.1

Below Average
to Inferior

Safety Csttture

17.4

25.3

1.2

56.0

18.4

For the present example, a value of a=2.5 has been assumed; this value produces a smooth
convex boundary defining each safety culture threshold. The values of w, also need to be
determined from the mean worths reported in Table 7.1. As suggested in Section 7, these
values are simply determined as the mean worth divided by 70. The results for Wj and (aWj)
are reported in Table 9.3 below.

Table 9.3 Results for Relative Worth Factors, W|, and Exponent Factors (aw,)

Wj

(aWj)

1*1

1.24

3.11

N2

1.01

2.54

1.00

2.50

I«4

1.14

2.86

1.00

2.50
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Using the numbers reported in Tables 9.1 to 9.3, the left-hand side of Equation 7.3 can be
evaluated for each safety culture threshold. A value below unity implies that the given
safety-culture threshold has not been exceeded, a value exceeding unity implies that the
threshold has been exceeded, and a value of unity means that the threshold is just reached.
Results for these values, based on the present example, are reported in Table 9.4 below.

Table 9.4 Results from the Example Application of Values Indicating Exceedance or
Non-Exceedance of Safety-Culture Thresholds

Value from LHS
of Eq. 7.3

Superior to
Above Average

Tftre$itobi

7.97

Above Average
1© Average

Safety qitiftui*
Ttire&iseaki

0.91

Average to
Setow Average
Saf&yCtflflr*

Tfttsshatd
t^

0.18

Below Average
to Inferior

safety C«K«»

0.03

Evaluation of the values in Table 9.4 reveals that the plant-specific performance indicator
data suggest the designation (sampling) of an "above average" state of safety culture. This
conclusion is reached because the first safety-culture threshold (superior to above average)
is exceeded (i.e., 7.97>1), whereas the second safety-culture threshold (above average to
average) is not exceeded (i.e., 0.91<1).

9.3 Determination of Likelihood Functions from Experts' Responses

Likelihood functions for the present illustration are determined as probabilities that a given
state of safety culture will be sampled, conditional on the value of mean failure rate (or mean
initiating event frequency). We denote these likelihood functions as P[SC|FR], where FR
denotes "factor multiplying the mean failure rate." As will be seen in the following
subsection, these conditional values are a key aspect of the implementation of Bayesian
analysis.

The likelihood functions, P[SC|FR], can be assessed from the expert-elicited values
summarized in Table 8.1. For a given state of safety culture, Table 8.1 provides parameters
(mean and coefficient of variation) of the mean reliability measure (e.g., FR). Hence, a
probability distribution can be developed for the mean failure rate conditional on safety
culture. Conversely, the results can be used to develop probabilities of safety culture
conditional upon a given mean failure rate. For the present example, a normal distribution of
mean failure rate, given safety culture, has been assumed. Based on this distribution, and
using the results provided in Table 8.1, a matrix of P[SC|FR] values (i.e., the desired
likelihood functions), can be estimated, as follows. First, based on the mid-interval point
between mean values reported in Table 8.1, the failure-rate thresholds between the various
states of safety culture can be generally interpreted as: 0.5 (for the boundary between
superior to above average), 0.8 (for the boundary between above average to average),
1.375 (for the boundary between average to below average), and 2.125 (for the boundary
between below average to inferior). However, the COV values reported in Table 8.1 indicate
that these thresholds are not deterministic. That is, given a particular safety culture, the
failure rate designated for that safety culture will, in fact, vary among the experts. This
variation is correspondingly interpreted to imply that, given the mean failure rate is known,
then the state of safety culture that would be sampled (through collection of performance
indicator data) would be probabilistic, where the conditional probabilities can be estimated
from the area under the failure rate distribution between the threshold values specified
above. The failure-rate distribution is assumed to be normal with mean equal to FR and
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standard deviation a equal to C O V F R times FR; that is N(FR,CTFR=COVFRFR).

corresponding estimates of likelihood functions, P[SC|FR], are obtained as:
The

P[SC\FR]
(

{
(FR

{ (C0VFRFR)

(FR„,.-FR)

(C0VFRFR) (9.1)

Where O denotes the standard normal distribution, and the terms FRSC(i) and FRSCO+D denote
the failure rate thresholds defining the boundary between adjacent states of safety culture,
as indicated above.

By evaluating Equation 9.1 for each state of safety culture, assuming each mean failure rate,
the values reported in Table 9.5 below are obtained.

Table 9.5 Likelihood Functions, P[SC|FR], Based on Results from Experts' Responses,
as Summarized in Table 8.1, and Assuming a Normal Distribution for Failure
Rate Given a State of Safety Culture

SC=Superior

SC=Above Average

SC=Average

SC=Below Average

SC=lnferior

0.66

0.29

0.05

0.00

0.00

0.34

0.46

0.20

0.00

0.00

0.00

0.02

0.98

0.00

0.00

0.04

0.05

0.21

0.41

0.29

0.09

0.04

0.10

0.17

0.60

It is possible to also assess likelihood functions directly from the array of expert responses
regarding effects of safety culture on reliability measures (that is, the raw data producing the
statistics in Table 8.1), rather than from the derived statistics and the assumption of a
particular form of probability distribution. The raw data from expert responses provides an
array of FR values corresponding to each state of safety culture. Given a particular value of
FR, we can count the number of experts who associated that value with each category of
safety culture. If we normalize the counts for each safety culture, given the chosen value of
FR, we obtain a relative frequency for each category of safety culture. Each such relative
frequency is an estimate of the chance that the specific safety culture will be sampled, given
the value of FR. Hence, these relative frequencies represent the desired likelihood
functions, but (in contrast to the preceding approach) they do not depend on the statistics or
an assumed probability distribution of FR. Nonetheless, these likelihood functions are also
not exact because they are based on a limited sample of expert data. Based on this
approach to treating the raw data, and using the same values of FR already noted (i.e., 0.4,
0.6, 1.0, 1.75, and 2.5), we have determined the relative frequencies of each category of
safety culture conditional on each value of FR. These values are indicated in Table 9.6.
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Table 9.6 Likelihood Functions, P[SC|FR], Based on Probabilities Derived Directly from
Raw Data Obtained from Experts' Responses (i.e., Not Assuming Any
Particular Form of Distribution for Failure Rate Given a State of Safety
Culture)

SC=Superior

SC=Above Average

SC=Average

SC=Below Average

SC=lnferior

FR=&4

0.60

0.35

0.05

0.00

0.00

FR=&.6

0.40

0.55

0.05

0.00

0.00

0.00

0.00

0.95

0.05

0.00

FR=*,75

0.00

0.00

0.20

0.50

0.30

FR=2.5G

0.00

0.00

0.00

0.25

0.75

As can be seen by comparing Tables 9.5 and 9.6, the designations of safety culture are
more tightly constrained when based on relative frequencies from raw data than when based
on FR statistics and an assumed normal distribution. In the calculations that follow, we use
both Tables 9.5 and 9.6 to estimate values of mean failure rate given safety culture.

9.4 Example Determination of Posterior Distribution Using Baye's Rule

To determine a posterior distribution on the parameter FR, the following form of Bayesian
analysis is applied:

P[SC\FR] x P[FR]
(9.2)

FRValues

where P[FR] denotes the prior probability, P[FR|SC] denotes the posterior probability, and
P[SC|FR] denoted the likelihood values reported in Table 9.5 or Table 9.6.

The prior probability is obtained from existing data and methods that formulate a probability
distribution on failure rates and initiating event frequencies. For the present example, the
prior distribution P[FR] is assumed to be that provided in Table 9.7 below.

Table 9.7 Prior Probabilities, P[FR], Assumed in the Example Application

P[FRJ

Fffc*fc4 i

0.10 0.20

Fl?«1^

0.40 0.20

FR-2,39 |

0.10

From Section 9.2, it was determined that, based on the sample set of performance
indicators, a determination of Above Average safety culture was realized. Hence, we seek
to determine the posterior probabilities P[FR|SC=Above Average] for the various discrete
values of FR. By applying Equation 9.1 for the sampled realization of Above Average safety
culture and for each discrete value of FR, using the results in Table 9.5 or 9.6 and Table 9.7,
the desired posterior probabilities are obtained. Table 9.8 below reports the posterior
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probabilities obtained when using the likelihood functions provided in Table 9.5, whereas
Table 9.9 reports corresponding values when the likelihood functions in Table 9.6 are used.

Table 9.8 Posterior Probabilities, P[FR|SC=Above Average], Determined for the
Present Example Application, Using the Likelihood Functions in Table 9.5

•

P[FR|SC=Above Average]

FR=0.4

0.20

FR=tM&

0.64 0.06

FR=1,75

0.07

FJ?=2.Stt

0.03

Table 9.9 Posterior Probabilities, P[FR|SC=Above Average], Determined for the
Present Example Application, Using the Likelihood Functions in Table 9.6

P[FR|SC=Above Average]

FR«fc4

0.24

* » « * * j

0.76 0 0 0

This posterior distribution is the desired result of our analysis. As can be observed in both
Tables 9.8 and 9.9, the posterior distribution is a much improved probabilistic
characterization of the values FR, as compared to the prior distribution.

The refined posterior distribution is used in the performance monitoring system by replacing
the prior distribution of affected failure rates and initiating event frequencies with their safety-
culture-specific posterior probability distributions, and quantifying the impact on Pis and Sis.
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10. CONCLUSIONS AND RECOMMENDATIONS

This study has established the basis for incorporating a meaningful set of Type-D
performance indicators into an overall performance monitoring system based on a PSA
framework. The relationships developed as part of this study enable various organizational,
maintenance, and operational influences, that are manifested through key events that can be
identified and reported at a plant, to be accounted for in terms of their impacts on safety.
The relationships and the capability they pose are significant new and unique developments.

The relationships require that plant-specific data on the key performance indicators be
acquired and analyzed. This, in turn, necessitates that a regular and systematic
supplementary data collection program be implemented. Hence, it is recommended here
that such a data program be developed and undertaken, specifically within the context of an
overall PSA-based safety monitoring system. Plant licensees should be responsible for the
supplemental data collection effort; however, the data collection requirements should no
pose an undue burden on the licensees. To the extent possible, the data collection program
should be coordinated, and possibly integrated, with existing licensee data collection and
event reporting efforts. For instance, some of the indicators (Type A to C) used as a basis in
the performance monitoring system will already likely be recorded in licensee event reports.
Some licensees may already be collecting data similar to the key Type-D indicators identified
from this study. In any case, given the comparatively small number of new (Type-D)
indicators, and by petitioning licensee recommendations related to the facilitation of data
collection during Parts 3 and 4 of this research investigation, there is strong reason to
believe that a feasible data collection program can be implemented.

The present study has required input from various knowledgeable experts for the purpose of
developing an initial preliminary database from which to proceed. This approach has been
necessary because scant empirical data exists and the few available theoretical approaches
either have limited applicability to safety performance monitoring, or they are too onerous to
implement for routine monitoring. Although the existing expert-based database does have
some limitations with respect to robustness, it should be expected that the results of the
overall performance monitoring system will improve significantly with time, as a history of
relevant reliable data collection is realized. After a number of years of data collection, the
expert assessments performed for this study can be replaced by actual empirical statistics
and the procedures for use of the data can be correspondingly improved. (Such
improvements, for instance, might include more precise standards for defining events and
reporting data, adjustments to account for plant type and plant age, etc.)

This study was undertaken to help verify whether or not it would be feasibly to proceed with
a PSA-based performance monitoring program. Research performed for Part-1 investigation,
as described in Section 1.2 of this report, has resulted in the development of a systematic
and structured approach for monitoring safety performance based on all types of plant
events (from the very rare, severe event, to the more common trends and anomalies
pertaining to routine maintenance and operations). The Type-D relationships were earlier
identified as a key element of the proposed performance monitoring system, and if it would
be discovered that the Type-D relationships could not be practically developed and
implemented, then it would have lead to the recognition that the performance monitoring
system might have little practical value. On the other hand, if the Type-D relationships could
be efficiently developed and implemented in a practical manner, then it would lead to the
recognition that there would be a positive basis for proceeding with investigation of
subsequent aspects of the performance monitoring system. These subsequent aspects
have been identified as consisting of the two remaining parts of the overall performance
monitoring research investigation, described as follows:
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• Part 3 is intended to demonstrate the detailed implementation of the overall PSA-
based performance monitoring approach, including application of the Type-D
quantitative relationships to a case-study plant; and

Part 4 is intended to develop programmatic and decision making guidelines, as well
as needed software, for implementing the performance monitoring system at all
Swedish NPPs, and for making regulatory use of the system.

Since success has been achieved in the present Part-2 investigation (as well as in the earlier
Part-1 study), it can be concluded that there is indeed a positive basis for pursuing
subsequent development of the performance monitoring system. Consequently, it is
recommended that the subsequent aspects of the research investigation be undertaken.
Since the effort has broad applicability to plant operators and regulators, and the potential for
significant benefits with respect to safety management and related decision making, it is also
recommended that opportunities for collaboration on future efforts be sought.
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PHASE-1 QUESTIONNAIRE

• Introduction to Respondents

You are participating as an expert in a structured process to elicit your opinion on the
relationship between "Type-D" performance indicators and changes in rates of
component failures and initiating events at nuclear power plants. A "Type-D"
performance indicator is a variable that is hypothesized as having an influence, albeit
indirect, on rate changes that characterize reliability. The reliability influence of
Type-D indicators is currently uncertain and must be described by means of
subjective or statistical correlations and their associated probability distributions.
Generally speaking, Type-D indicators are perceived as manifestations of
programmatic root causes or (more desirably) as the root causes themselves. Some
potentially important classes of Type-D indicators include variables related to plant
maintenance, operation, administration, and miscellaneous factors.

The expert elicitation process for this study consists of the following three elements:

(a) the present Phase-1 questionnaire,

(b) a Phase-2 questionnaire, and

(c) a workshop program.

The purpose of the Phase-1 questionnaire is to identify a comprehensive list of
candidate Type-D indicators and sort them based on collective expert assessments
as to the strength of their influence on reliability changes. The results of the Phase-1
questionnaire will be analyzed to select a reduced set of independent indicators
having the most important perceived effect on reliability changes. The purpose of
the Phase-2 questionnaire will be to establish expert assessments of confidence
limits on the quantitative reliability impacts of the selected Type-D indicators. These
expert assessments will be analyzed to produce subjective-based quantitative
relationships (e.g., between values of the Type-D indicator and changes in
component failure rates), and their confidence bounds. The purpose of the
workshop program will be to review and refine the subjective relationships and
formulate a consensus opinion (or identify and document dissenting opinions) as to
the practical applicability of the results. The final product of the elicitation process
will be a report documenting the elicitation methodology, results of the expert
assessments, and recommendations for their use.

To help insure the most meaningful result of this study, it is important that you
participate in all three elements of the elicitation process. If it is your opinion that the
objectives of this elicitation process are impossible to achieve, and you feel you
would not contribute to the success of this process, you should elect to decline
participation in this study. However, if you would like to contribute to the success of
the study, even if you feel somewhat uncertain or hesitant in making some of the
requested assessments, your are encouraged to participate and provide your best
responses. In this regard, it is important to keep in mind that uncertainty is inherent
to the subjective nature of elicitation, and quantification of uncertainties is an
important product of the elicitation process; also, the workshop program will serve as
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an opportunity for you to refine your estimates in conference with the other experts.
Finally, it is expected that the results of this elicitation process will serve merely as a
starting point, for the purpose of developing some reasonable initial relationships and
to stimulate further thought and data collection that will result in continual
improvements to such relationships. Your participation in this study will thus assist in
such stimulation of current and future understanding, and your best endeavor in
making your assessments is greatly appreciated.
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• Instructions for Phase-1 Questionnaire

This Phase-1 questionnaire consists of the following four parts:

• Part A - General Information and Self Evaluation. This part asks for
information on your background and experience, and enables you to provide a
confidence rating as to your perception of your ability to contribute
meaningfully to this elicitation process.

• Part B - Inventory and Evaluation of Type-D Indicators. This part requests
that you assess the potential validity of various Type-D indicators (with
respect to influence on changes in component failure rates and/or initiating
event frequencies), as well as list and evaluate any additional indicators you
believe may be of relevance.

• Part C - Evaluation of Semi-Analytical Model of Type-D Correlations. This
part proposes a potential semi-analytical model (i.e., quantitative formulation
based on subjective parameters) as to the selection of Type-D indicators and
determination of their influence on changes in component failure rates and/or
initiating event frequencies. You are requested to express your opinion as to
the validity of this model and to evaluate potential Type-D indicators
consistent with this model. Your are also provided the opportunity to propose
modifications to the proposed semi-analytical model or to outline an
alternative model.

• Part D - Comments and Suggestions. This part provides you the opportunity
to make critical comments and suggestions on the elicitation process with the
aim of enhancing its applicability and success.

The format of each questionnaire entry and response is straightforward and largely
self-explanatory. Most items ask you to simply express your subjective degree of
belief/disbelief, or degree of agreement/disagreement with a given statement or with
relevance to a given objective. An example of this type of format is as follows:

Indicate (with an X or a specific value) your degree of belief/agreement
with the statement that the listed Type-D performance indicator
correlates (i.e., has a causal relationship) with respect to changes in
reliability performance of equipment or changes in an initiating event
frequency.

Performance Indicator

Frequency of
Maintenance/Operations

Activities Affecting a Given
Component

Strongly
Disagree

0

Somewhat
Disagree

25

Neither
Agree or
Disaqree

50

Somewhat
Agree

75

Strongly
Agree

100

You should respond either by simply placing a mark in the box you feel is most
appropriate, or by providing an intermediate value that conveys your degree of
belief/agreement. If you feel that an item is unclear or ambiguous, please provide
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your best response to that item, and indicate in writing any assumptions you made in
your response.
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Part A - General Information and Self Evaluation

# Please provide the following general information:

Name:

Title/Position:

Affiliation:

Work Address:

Phone Number:
Fax Number:
Email Address:

Please check an item (or items) below, indicating the nature of your work:

Plant management
Plant operations
Plant maintenance
Regulatory, management
Regulatory, licensing
Regulatory, maintenance and operations programs
Regulatory, resident inspector
Equipment vendor
Contractors/consultants, specializing in
Other, describe

Please respond to the items below:

Years of work experience in the field of nuclear power:

Please provide a description of your current work responsibilities:

Optional: If available, please attach a brief resume (CV) of your work
experience, academic accomplishments, and professional affiliations,
licenses, etc. (Please limit CV to 2 pages)
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Please indicate (by marking with an "X" or providing a specific value) your
degree of agreement with the following statements:

I feel qualified to participate as an expert having knowledge and experience
related to the objectives of this study

Definitely Not

0

Not Really

25

Not Sure

50

Yes

75

Definitely
Yes
100

I feel that the objectives of this study are reasonably achievable

Definitely Not

0

Not Really

25

Not Sure

50

Yes

75

Definitely
Yes
100
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Part B - Inventory and Evaluation of Type-D Indicators

• Indicate (with an Xora specific value) your degree of belief/agreement with
the statement that the listed Type-D performance indicator correlates (i.e.,
has a causal relationship) with respect to changes in reliability performance
of equipment or changes in an initiating event frequency

Performance Indicator

1.
2.
3.

4.

5.
6.

7.
8.

9.

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.
20.
21.

22.
23.

24.

25.

Rate of LER events
Rate of administrative control problems
Rate of licensed operator errors,
including failure to follow procedures
Rate of other personnel errors, including
failure to follow procedures
Rate of maintenance problems
Rate of design, construction, installation,
and fabrication problems
Rate of misalignment errors
Rate of errors in control rod
manipulations
Rate of reactor trips caused by
maintenance or testing errors
Rate of missed checks / surveillance on
equipment
Fraction of labor hours on surveillance
Number of deficiencies discovered in
surveillance versus total discovered
Rate of employee grievances
Turnover rate versus number of
vacancies
3acklog of maintenance work items,
ncluding backlog of inoperable
equipment
Backlog of EGNs related to equipment
performance
Backlog of maintenance procedure
evisions
Corrective maintenance backlog greater
nan 3 months
Number of safety issues in backlog
Backlog of design change modifications
Number of plant changes not
ncorporated into design-basis
documents
Number of design-basis violations
Number of delays or failures to meet
egulatory commitments
Number of instances of inadequate
esponse to regulatory correspondences
Rate of adoption of industry upgrades

Strongly
Disagree

0

Somewhat
Disagree

25

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75

Strongly
Agree

100
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Performance Indicator

26.

27.
28.

• ,

29.

30.

31.

32.

33.

34.

Rate and severity of worker
overexposures
Collective radiation exposure
Rate of maintenance personnel
contaminations
Rate of instances of problems
encountered in maintaining shutdown
cooling
Rate of maintenance work requests
(MWRs) on safety-related equipment
Number of components tagged out for
maintenance for over 3 months
Frequency of maintenance or operation
activities affecting a given component
Number of repeated maintenance items
on a given component
dumber of temporary modifications over
3 month delay

35. Number of realignments during
pnaintenance

36.patio of corrective versus preventative
p/IWRs on safety equipment

37.Percent of LER events due to
maintenance

38.RateoflCOs
39. ESF actuations due to maintenance and

nesting
40. Fraction of MWRs reviewed by QC
41. Fraction of components under condition

ponitoring
42.pHeat loss rate (thermal performance)
43.fcv1aintenance overtime
44 Maintenance staff size
45.kate of manhours in maintenance
46.

47.

48.

Mean repair time or mean time to return
to service
Mean time between forced outages from
equipment failures
viean time between repairs (most
frequently repaired items)

49. Number and duration of BOP equipment
but of service

50. Rate of deferred periodic tests
51.

52.

53.

Rate of downtimes due to failures or
degraded failures
Rate of faults detected by actual
demand versus periodic testing
Rate of maintenance requested training
programs

Strongly
Disagree

0

Somewhat
Disagree

25

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75

Strongly
Agree

100
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Performance Indicator

54.

55.
56.
57.
58.
59.

60.

61 .

62.

63.

64.
65.

66.

67.
68.
69.

70.
71 .
72.
73.

74.

75.
76.

77.
78.

Rate of maintenance staff on vendor
courses
Rate of maintenance staff retraining
Ratio of training hours to working hours
Rate of pending modification requests
Rate of spare parts unavailable
Number of QC staff versus number of
maintenance staff
Mumber of hours to repair degraded
components versus total maintenance
hours
Number of repairs while degraded
versus number of repairs failed and
degraded
Number of failures during post-
maintenance test versus number of
post-maintenance tests
Number of utility staff versus number of
contractor staff
Number of wrong part events
Number of forced power reductions and
outages
dumber of corrective work orders issued
or safety systems versus BOP systems
Number of RPS/ESFAS failures
Number of safety system actuations
Ratio of failed re-licensing exams to
otal re-licensing exams
Ratio of downtime to AOT
Average time of clearing lit annunciators
Technical specification exemptions
Number of deviations/failures with
epeated root cause
Percentage of events that undergo root-
cause analysis
Frequency of peer reviews and audits
Average peer review and audit finding
clearance time
Mumber of leaking valves or equipment
Number of instances of poor
lousekeeping revealed during
nspections

Strongly
Disagree

0

Somewhat
Disagree

25

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75

Strongly
Agree

100
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Please propose any additional Type-D performance indicators you
believe may be relevant, and indicate (with an X or a specific value)
your degree of belief/agreement with the statement that the indicator
correlates (i.e., has a causal relationship) with respect to changes in
reliability performance of equipment or changes in an initiating event
frequency

Performance Indicator

A.
B.
C.
D.
E.

LL

G.
H.
1.

J.
K.
L

M.
N.
0.
P.
Q.
R.
S.
T.

Strongly
Disagree

0

Somewhat
Disagree

25

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75

Strongly
Agree

100
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From the preceding lists, select a set of approximately 5 to 10 Type-D
of the most important/relevant performance indicators that you feel are
largely independent and collectively most capable of predicting
changes in component failure rates and/or initiating event frequencies

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
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Part C - Evaluation of Semi-Analytical Model of Type-D Correlations

Although empirical data is lacking to establish the correlations desired from this
study, it is possible to implement analytical tools which assist in this process. Once
such tool is organizational risk assessment. Implementation of an organizational risk
assessment, however, is considered to be beyond the scope of this study.
Nonetheless, formulation of a less-sophisticated semi-analytical model is considered
desirable, if not necessary, to help structure and focus subsequent phases of the
expert elicitation process. Consequently, a preliminary semi-analytical approach has
been formulated. In this part of the questionnaire, you are asked to review the
summary of this semi-analytical model and its basis, to express your degree of belief
on its relevant to the purpose of this study, and to propose refinements or alternates
to this model.

Summary of Model and Objectives for its Use

In formulating the analytical approach, we are concerned initially with general factors
(i.e., Type-D indicators) which, whether associated with specific actions or inactions
at a plant, could likely lead to a degraded configuration of a given installed
component (i.e., item of equipment). We are not concerned with defects inherent to
engineering, manufacturing, or other processes that have led to the physical
configuration of the given installed component of interest. Such effects are a priori to
our concern, should have already been factored into the development of a baseline
PSA failure rate, and cannot be fundamentally altered through
operational/maintenance actions at the plant. Rather, we are interested in factors
affecting degradation in the reliability of an item of equipment after the time of its
installation and initial placement into service.

Murley (1997) has proposed that early signs of deteriorating equipment performance
fall within the following major categories:

• Operations
• Maintenance
• Engineering Design and Safety Analysis
• Radiological Controls
• Outage Activities
• Accident Precursor Analysis
• Regulatory Relations

Aside from these factors, early signs of deteriorating equipment performance, may
fall within the following additional major categories:

• Environmental Demands
• Regulatory Operations (Offsite and Onsite)
• Regulatory Inspection Activities (Onsite)

In considering the relevance of these major categories to deteriorating equipment
performance, it is logical to introduce the necessary hypothesize that degraded
equipment performance must be realized as a consequence of actual physical
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effects/changes, whether seen or unseen, measurable or immeasurable, intentional
or unintentional. In other words, a plant's "safety culture" (good or bad) - which may
be characterized in terms of the preceding factors - does not itself directly cause
adverse or beneficial physical changes in components.

Decreases in component reliability associated with degradation occur naturally, over
time, due to deterioration and other aging and environmental effects. Reductions in
reliability can also be exacerbated by improper operation and treatment, accidental
conditions, etc. It is essential to recognize that, whatever the case, physical changes
leading to component degradation have the opportunity to be rectified only through
effective plant inspection and maintenance, but also that undesirable physical
changes have the opportunity to themselves be inadvertently instigated or
exacerbated through human intervention. Consequently, it can be concluded that
the factors which most directly affect the realization of degraded, or enhanced,
equipment performance consist fundamentally of: operation and maintenance
activities (human effects) and changes in the rate of natural deterioration (i.e.,
changes in environmental severity/demands).

This background helps to constrain the investigation of Type-D indicators, and
suggests that a logical, semi-theoretical model (or possibly, a few alternative models)
can be proposed for efficient development of the Type-D correlations. For instance,
as just indicated, it appears valid to limit the direct association, or modeling, of
changes in equipment performance, exclusively to the following items: maintenance
and operation activities, and environmental effects. Fundamentally, for any given
component, the maintenance and operational parameters of interest can be
categorized as: (a) frequency of maintenance/operation activities, and (b) quality of
maintenance/operation activities. In principal, environmental effects, if not strictly
controlled by the plant to be within relatively narrow and constant limits, should at
least be monitored by the plant; and hence, it is reasonable as a first approximation
to characterize any environmental influences unrelated to the control of
maintenance/operations by means of a baseline environmental severity factor (e.g.,
a water chemistry measure related to the rate of corrosion of piping, heat
exchangers, steam generators, etc.; a measure of electrical load influencing the
long-term performance of electrical circuitry, a measure of biological or sediment
loads that may influence the performance of the service water system).

Hence, we can reasonably construct the premise (or hypothesis) that, for a given
component, equipment performance is dependent solely on these three factors:

(1) Frequency of maintenance/operation activities,

(2) Quality of maintenance/operations, and

(3) Degree of environmental severity.

Item (1) is a directly quantifiable factor. Furthermore, it must be the case that there
is a value of this frequency (for any given situation) that results in an optimal
expected ongoing reliability performance of the component of interest. That is,
reliability of the component will suffer if the frequency of maintenance/operation
activities is too low or too high, but reliability is maximized for some intermediate
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value. This points to the existence of a consistent relationship between reliability
and maintenance/operations frequency (one which serves as a starting point for
associating Type-D influences on component failure rates). Additionally, such a
relationship governing the optimality of (1) will generally depend upon factors (2) and
(3), but likely in a more linear fashion. For instance, a lower maintenance quality
might correspondingly skew the optimal maintenance frequency to a lower value
(because of a high rate of errors); and, a higher environmental severity would likely
skew the optimal maintenance frequency to a higher value (due to an increased rate
of deterioration). The statistics on frequency of maintenance/operation activities
which would likely be needed for performance monitoring should be readily available.

Item (2) is a highly qualitative factor. Murley (1997) suggests that (2) is likely
associated with a utility's "safety culture," which may be measured/associated with
respect to a list of "early signs," including management, programmatic and
administrative activities, as well as operation and maintenance parameters. Murley's
comments also seem to indicate that the regulator would be in the best position for
making judgments as to the effectiveness of a utility's safety culture. Clearly, an
experienced and unbiased resident inspector would perhaps be among those best
suited for making such a qualitative, comparative assessment, for use in
performance monitoring. SKi's maintenance inspection guidebook potentially serves
as an excellent basis for making such an assessment. A somewhat less direct
approach would be to evaluate the frequency of U. S. Nuclear Regulatory
Commission's (NRC's) causal codes associated with maintenance/operation causes,
and propose a comparative qualitative scale of safety culture or maintenance quality
in terms of this parameter.

Item (3) is a directly quantifiable factor. Some items of equipment may not be
exposed to adverse environmental conditions, in which case, this factor would not
need to be specifically identified and quantified. For those cases where
environmental effects are important, measures of such effects are likely monitored
by the plant, and hence, would probably be readily available for use in performance
monitoring.

Figure 1 illustrates how the preceding three factors can be combined into an overall
model or framework for relating changes in Type-D indicators to changes in
component failure rates. The model is based on a selected functional relationship
between a measure of maintenance/operations frequency and scale factor on
component failure rate that is modified by parameters characterizing
maintenance/operations quality and environmental severity. In this model, the Type-
D indicators of concern are limited to a selected measure characterizing
maintenance/operations frequency, a selected parameter characterizing
maintenance/operations quality (or safety attitude/culture), and a chosen parameter
characterizing environmental severity (if applicable). Although the maintenance/
operations frequency and environmental severity parameters could vary often, it is
expected that the parameter characterizing safety attitude/culture may vary
somewhat slowly.

With respect to the present expert elicitation process for developing the Type-D
correlations, the important point to be made in developing this semi-analytical model
is not that it should serve as the only framework by which such correlations may be

A-16



established, but rather, that it serves as one possible reasonable framework by
which the subsequent questionnaire process can be better focused, with the aim of
providing some meaningful help/guidance to questionnaire respondents during the
Phase-2 questionnaire and the subsequent workshop. Ultimately, it may be best to
propose a refined, more elaborate and general form of this model, or perhaps to
formulate one or two alternative models from which questionnaire respondents can
express their preference in Phase 2. The response to this Phase-1 questionnaire is
expected to assess the viability of the proposed semi-analytical model, to produce
possible improvements to this model, and to identify which specific Type-D indicators
will serve as the most appropriate correlators in this model.
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Figure 1. Description of Semi-Analytical Model for Developing the Relationship
Between Type-D Indicators and Component Failure Rates.
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Please express your degree of belief that it is possible to formulate a meaningful
semi-analytical model as basis for identifying Type-D indicators and characterizing
their reliability influence.

Definitely Not
Possible

0

Somewhat
Unlikely

25

Not Sure

50

Somewhat
Likely

75

- 1 1

Highly
Possible

100

Please express your degree of belief that the foregoing semi-analytical model is
relevant (or reasonable) as a framework for identifying Type-D indicators and
characterizing their reliability influence.

Definitely Not
Relevant

0

Not Too
Relevant

25

Not Sure

50

Somewhat
Relevant

75

Definitely
Relevant

100

For the foregoing proposed semi-analytical model, please express your degree of
belief that SKi's Maintenance Inspection Handbook orNRC's Causal Codes may be
useful in subjectively characterizing the quality of plant maintenance/operations

Basis for Assessing
Quality of

Maintenance /
Operations

SKi Maintenance
Handbook
NRC Causal Code
Data

Definitely Not
Relevant

0

Somewhat
Irrelevant

25

Not Sure

50

Somewhat
Relevant

75

Highly Relevant

100

• For the foregoing proposed semi-analytical model, please propose the measure that
you feel is most appropriate for characterizing maintenance/operations frequency. (If
needed, select from the list of indicators identified in Part B, or feel free to propose
your own measure).

Suggested Maintenance/Operations Frequency Parameter:
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In the space below, please propose your refinements, if any, to the proposed semi-
analytical approach and/or provide an outline for an alternative approach you feel
may be reasonable. (Please use as many pages as necessary for your response.)
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Part D - Comments and Suggestions

• Please provide any comments or suggestions you may have regarding this
questionnaire or the overall elicitation process. Please also describe any problems
you encountered in completing this questionnaire, and any assumptions you made in
formulating your responses (in so doing, please indicate the specific questionnaire
item of relevance). Please use as much paper as required to complete your
comments.
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APPENDIX B:
SUMMARY OF RESPONSES TO PHASE I QUESTIONNAIRE
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1. Please indicate (by marking with an "X" or providing a specific value) your degree of
agreement with the following statements:

a. I feel qualified to participate as an expert having knowledge and experience
related to the objectives of this study

I feel qualified to participate as an expert having knowledge and experience related
to the objectives of this study

Definitely Not Not Really Not Sure Yes Definitely Yes

b. I feel that the objectives of this study are reasonably achievable

I feel that the objectives of this study are reasonably achievable

10-

A

Mm

-
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&wm
: •••'-;•/"'&&

Definitely Not Not Really Not Sure Yes Definitely Yes
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2. Indicate (with an X or a specific value) your degree of belief/agreement with the
statement that the listed Type-D performance indicator correlates (i.e., has a
causal relationship) with respect to changes in reliability performance of
equipment or changes in an initiating event frequency

Performance Indicator

1
2
3

4

5
6

7
8
9.

10.

11
12.

13.
14.
15.

16.

17.
18.

19.
20.
21.

22.
23.

24.

25.
26.
27.
28.
29.

30.

31.

32.

33.

34.

35.

Rate of LER events
Rate of administrative control problems
Rate of licensed operator errors, including failure
to follow procedures
Rate of other personnel errors, including failure to
follow procedures
Rate of maintenance problems
Rate of design, construction, installation, and
fabrication problems
Rate of misalignment errors
Rate of errors in control rod manipulations
Rate of reactor trips caused by maintenance or
testing errors
Rate of missed checks / surveillance on
equipment
rraction of labor hours on surveillance
Number of deficiencies discovered in surveillance
versus total discovered
Rate of employee grievances
Turnover rate versus number of vacancies
Backlog of maintenance work items, including
backlog of inoperable equipment
Backlog of ECNs related to equipment
performance
3acklog of maintenance procedure revisions
Corrective maintenance backlog greater than 3
months
slumber of safety issues in backlog
Backlog of design change modifications
Number of plant changes not incorporated into
design-basis documents
Number of design-basis violations
Number of delays or failures to meet regulatory
commitments
Number of instances of inadequate response to
regulatory correspondences
Rate of adoption of industry upgrades
Rate and severity of worker overexposures
Collective radiation exposure
Rate of maintenance personnel contaminations
Rate of instances of problems encountered in
maintaining shutdown cooling
Rate of maintenance work requests (MWRs) on
safety-related equipment
Number of components tagged out for
maintenance for over 3 months
Frequency of maintenance or operation activities
affecting a given component
Number of repeated maintenance items on a
given component
Number of temporary modifications over 3 month
delay
Number of realignments during maintenance

Strongly
Disagree

0

0
1
1

2

0
1

1
1
1

2

1
1

4
3
1

0

2
0

2
1
1

1
2

2

0
1
4
3
1

0

1

1

1

0

2

Somewhat
Disagree

25

1
2
2

1

1
0

0
2
2

1

8
3

5
8
2

2

0
1

1
4
1

1
1

4

7
5
5
5
3

2

2

2

1

3

2

Neither Agree
Nor Disagree

50

7
1
0

1

1
5

6
7
1

1

10
9

5
6
4

11

6
6

3
9
4

5
8

8

| 7
3
4
3
5

6

4

7

3

9

9

Somewhat
Agree

75
7
11
8

8

9
6

5
6
7

13

3
6

7
3
10

5

11
12

9
7
11

|_ 10
8

6

5
8
5
8
8

8

10

7

6

6

7

Strongly
Agree

100

6
6
10

9

10
9

9
5
10

4

0
2

0
1
4

3

2
2

6
0
4

4
2

1

2
4
3
2
4

5

4

4

10

3

1
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Performance Indicator

36.

37.
38.
39.
40.
41.

42.
43.
44.
45.
46.
47.

48.

49.

50.
51.

52.

53.
54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.
65.
66.

67.
68.
69.

70.
71.
72.
73.

74.

75.
76.

77.

Ratio of corrective versus preventative MWRs on
safety equipment
Percent of LER events due to maintenance
Rate of LCOs
ESF actuations due to maintenance and testing
Fraction of MWRs reviewed by QC
Fraction of components under condition
monitoring
Heat loss rate (thermal performance)
Maintenance overtime
Maintenance staff size
Rate of manhours in maintenance
Mean repair time or mean time to return to service
Mean time between forced outages from
equipment failures
Mean time between repairs (most frequently
repaired items)
Number and duration of BOP equipment out of
service
Rate of deferred periodic tests
Rate of downtimes due to failures or degraded
failures
Rate of faults detected by actual demand versus
periodic testing^
Rate of maintenance requested training programs
Rate of maintenance staff on vendor courses
Rate of maintenance staff retraining
Ratio of training hours to working hours
Rate of pending modification requests
Rate of spare parts unavailable
Number of QC staff versus number of
maintenance staff
Number of hours to repair degraded components
versus total maintenance hours
Number of repairs while degraded versus number
of repairs failed and degraded
Number of failures during post-maintenance test
versus number of post-maintenance tests
Number of utility staff versus number of contractor
staff
Number of wrong part events
Slumber of forced power reductions and outages
Number of corrective work orders issued for
safety systems versus BOP systems
Number of RPS/ESFAS failures
Number of safety system actuations
Ratio of failed re-licensing exams to total re-
icensing exams
Ratio of downtime to AOT
Average time of clearing lit annunciators
Technical specification exemptions
Number of deviations/failures with repeated root
cause
Percentage of events that undergo root-cause
analysis
Frequency of peer reviews and audits
Average peer review and audit finding clearance
:ime
\lumber of leaking valves or equipment

Strongly
Disagree

0

1

0
0
1
4
1

4
3
4
2
1
1

1

0

1
0

1

2
1
2
1
1
0
4

3

2

1

5

1
1
6

1
1
5

4
2
2
0

1

3
0

0

Somewhat
Disagree

25

2

3
3
3
5
5

5
5
8
9
7
1

1

3

1
1

1

6
6
3
3
4
7
13

5

2

2

3

4
2
4

2
1
2

6
4
4
2

3

2
4

3

Neither Agree
Nor Disagree

50

1

4
5
5
11
5

6
8
7
7
3
3

1

4

7
4

3

g
8
8
10
6
5
3

3

13

2

5

3
1
7

8
7
g

4
8
4
1

5

8
8

5

Somewhat
Agree

75

12

9
7
6
1
10

4
4
2
3
5
8

10

8

9
6

7

3
4
5
5
9
g
1

8

2

13

7

11
10
4

4
3
4

4
6
9
8

8

6
7

7

Strongly
Agree

100

5

5
6
6
0
0

2
1
0
0
5
8

8

6

3
10

9

1
2
3
2
1
0
0

2

2

3

1

2
7
0

6
9
1

3
1
2
10

4

2
2

6

B-4



Performance Indicator

78. Number of instances of poor housekeeping
revealed during inspections

Strongly
Disagree

0

2

Somewhat
Disagree

25

4

Neither Agree
Nor Disagree

50

5

Somewhat
Agree

75

6

Strongly
Agree

100

4
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3. Please propose any additional Type-D performance indicators you believe may
be relevant, and indicate (with an X or a specific value) your degree of
belief/agreement with the statement that the indicator correlates (i.e., has a
causal relationship) with respect to changes in reliability performance of
equipment or changes in an initiating event frequency

Performance Indicator

A.
B.
C.
D.

E.
F.

G.

H.

1.

J.

K.
L.
M.
N.

0.

P.
Q.

R.

S.

T.

U.

V.

w.
X.
Y.
Z.

AA.
BB.

Operator work arounds
Unplanned LCO entries
Mumber of failures with repeat cause
Number of events previously ID by
industry
Corrective action backlog
Turbine trips due to equipment
problems such as MFW malfunction
Power reduction due to equipment
problems ort/s requirements
Development of PI nr 33 and 73:
number of repeated failures on
components in BOP and safety systems
conferring to the own plant, the sister
plant, a plant of the same category in
the country, and INPO and WANO
selected events; level or effectiveness
of an operating experience program
Amount of modifications initiated late
(e.g., one month before outage or later)
Amount of replanning of start-up
schedule since start-up period is
initiated.
Amount of fuel failures
Staff attitude to their work
Management feedback
Annual number of common cause
failures (dependent errors)
Number of failures during operating
period originating from maintenance
outages
Wrong settings of 1 & C
Number of commission and omission
errors related to maintenance
Number of failures during operating
period originating from modifications
Number of foreign objects and garbage
in equipment
Percentage of failure codes "unclear
cause"
Summed component unavailability
times due to failure and repairs
Early failures after repairs
Summed component unavailability due
to preventive maintenance
Number of scrams when reactor critical
Rate of fire protection violations
Rate of LERs involving fire protection
system
Rate of repeat violations of safety rules
Rate of emergency preparedness drills

Strongly
Disagree

0

Somewhat
Disagree

25

X

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Strongly
Agree

100

X

X

X

X

X

X

X

X

X

X
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Performance Indicator

cc
DD

EE

FF
GG

HH.
II.

JJ.
KK.

LL

MM.

NN.

0 0 .
PP.

QQ.

RR.
SS.
TT.

UU.

VV.
WW.

XX.

YY.

Z2.
AAA.
BBB.

Average time to resolve safety issues
Lost time accident rate for personnel
involved in maintenance
Rate of inadvertent emergency safety
function actuations due to test or
maintenance
3acklog of preventative maintenance
Reporting failures of plant X and
between different sites, e.g., Sweden
Real and potential CCI
Real and potential CCI proc.
rrequency follow-up of estimated IE
Violations of safety barriers (e.g., open
fire doors)
Verification of statistical tools (data
pooling, mathematics, software)
Verification and approval of reliability
database
Time between failures discovery to time
to return to service
slumber of labor hours on surveillance
Number of labor hours on preventative
maintenance
slumber of labor hours on corrective
maintenance (repair)
Employee turnover rate
Fraction of vacancies
dumber of corrective work orders
ssued for safety systems
slumber of corrective work orders
ssued for BOP systems
Number of LER Events
Number of work orders
Number of hours to repair degraded
components
Low and medium solid radioactive
waste
slumber of occupational injuries
Number of unplanned stops at ESF
slumber of shut downs

Strongly
Disagree

0

Somewhat
Disagree

25
X

X

X

Neither
Agree Nor
Disagree

50

Somewhat
Agree

75

X

X

X

X

X

X

X

X

X

X

X

X

Strongly
Agree

100

X

X

X

X

X

X

X

X

X

X

X
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From the preceding lists, select a set of approximately 5 to 10 Type-D of the
most important/relevant performance indicators that you feel are largely
independent and collectively most capable of predicting changes in component
failure rates and/or initiating event frequencies

Performance Indicator

1.
2.
3.

4.

5.
6.

Rate of LER events
Rate of administrative control problems
Rate of licensed operator errors,
including failure to follow procedures
Rate of other personnel errors, including
failure to follow procedures
Rate of maintenance problems
Rate of design, construction, installation,
and fabrication problems

7. Rate of misalignment errors
8. Rate of errors in control rod

manipulations
9. Rate of reactor trips caused by

maintenance or testing errors
10. Rate of missed checks / surveillance on

equipment
11 .Fraction of labor hours on surveillance
12.

13.
14.

15.

Number of deficiencies discovered in
surveillance versus total discovered
Rate of employee grievances
Turnover rate versus number of
vacancies
Backlog of maintenance work items,
including backlog of inoperable
equipment

16. Backlog of ECNs related to equipment
performance

17. Backlog of maintenance procedure
revisions

18.borrective maintenance backlog greater
khan 3 months

19. Number of safety issues in backlog
20. Backlog of design change modifications
21. Number of plant changes not

incorporated into design-basis
pocuments

22. Number of design-basis violations
23. Number of delays or failures to meet

regulatory commitments
24. Number of instances of inadequate

response to regulatory correspondences
25. Rate of adoption of industry upgrades
26. Rate and severity of worker

pverexposures

Number of Individuals Who Selected as
Important

6
5
8

6

6
3

4
1

7

5

1

5

2

1

3

1
2
6

1
1
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Performance Indicator

27
28

29

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.
43.
44.
45.
46.

47.

48.

49.

50.
51.

52.

53.

54.

Collective radiation exposure
Rate of maintenance personnel
contaminations
Rate of instances of problems
encountered in maintaining shutdown
cooling
Rate of maintenance work requests
(MWRs) on safety-related equipment
Number of components tagged out for
maintenance for over 3 months
Frequency of maintenance or operation
activities affecting a given component
Number of repeated maintenance items
on a given component
Number of temporary modifications over
3 month delay
Number of realignments during
maintenance
?atio of corrective versus preventative

MWRs on safety equipment
Percent of LER events due to
maintenance
Rate of LCOs
ESF actuations due to maintenance and
esting
Fraction of MWRs reviewed by QC
Fraction of components under condition
monitoring
Heat loss rate (thermal performance)
Maintenance overtime
Maintenance staff size
Rate of manhours in maintenance
Mean repair time or mean time to return
o service
Mean time between forced outages from
equipment failures
Mean time between repairs (most
requently repaired items)
Number and duration of BOP equipment
out of service
Rate of deferred periodic tests
Rate of downtimes due to failures or
degraded failures
Rate of faults detected by actual demand
ersus periodic testing

Rate of maintenance requested training
programs
Rate of maintenance staff on vendor
ourses

Number of Individuals Who Selected as
Important

2

4

2

2

7

2

3

2

3
3

1

1

1

3

1

1
3

7
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Performance Indicator

55.
56.
57.
58.
59.

60.

61.

62.

63.

64.
65.

Rate of maintenance staff retraining
Ratio of training hours to working hours
Rate of pending modification requests
Rate of spare parts unavailable
Number of QC staff versus number of
maintenance staff
Number of hours to repair degraded
components versus total maintenance
hours
slumber of repairs while degraded
versus number of repairs failed and
degraded
Number of failures during post-
maintenance test versus number of post-
maintenance tests
Number of utility staff versus number of
contractor staff
Number of wrong part events
Number of forced power reductions and
outages

66. Number of corrective work orders issued
p r safety systems versus BOP systems
3

67.|Number of RPS/ESFAS failures
68. Number of safety system actuations
69. Ratio of failed re-licensing exams to total

Ire-licensing exams
70.
71.
72.
73.

74.

75.
76.

Ratio of downtime to AOT
Average time of clearing lit annunciators
Technical specification exemptions
Number of deviations/failures with
repeated root cause
Percentage of events that undergo root-
cause analysis
Frequency of peer reviews and audits
Average peer review and audit finding
clearance time

77. Number of leaking valves or equipment
78. Number of instances of poor

housekeeping revealed during
inspections

A.pperator work arounds
B.|Unplanned LCO entries
C.
D.

E.

F

Number of failures with repeat cause
dumber of events previously ID by
ndustry
Corrective action backlog
Turbine trips due to equipment problems
such as MFW malfunction

Number of Individuals Who Selected as
Important

2
1
1

1

2

3

2
4

6
7

1
1
7

3

1
1

3
1

1

1

1
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Performance Indicator

G

H

1.

J.

K.
L.
M.
N.

0.

P.
Q.

R.

S.

T.

U.

V.
W.

X.
Y.
Z.

AA.
BB.
CC.
DD.

EE.

FF.

Power reduction due to equipment
problems or t/s requirements
Development of PI nr 33 and 73:
number of repeated failures on
components in BOP and safety systems
conferring to the own plant, the sister
plant, a plant of the same category in the
country, and INPO and WANO selected
events; level or effectiveness of an
operating experience program
Amount of modifications initiated late
(e.g., one month before outage or later)
Amount of replanning of start-up
schedule since start-up period is
initiated.
Amount of fuel failures
Staff attitude to their work
Management feedback
Annual number of common cause
failures (dependent errors)
Number of failures during operating
period originating from maintenance
outages
Wrong settings of 1 & C
Number of commission and omission
errors related to maintenance
Number of failures during operating
period originating from modifications
dumber of foreign objects and garbage
n equipment
Percentage of failure codes "unclear
cause"
Summed component unavailability times
due to failure and repairs
Early failures after repairs
Summed component unavailability due
o preventive maintenance
Number of scrams when reactor critical
Rate of fire protection violations
Rate of LERs involving fire protection
system
Rate of repeat violations of safety rules
Rate of emergency preparedness drills
Average time to resolve safety issues
_ost time accident rate for personnel
nvolved in maintenance
Rate of inadvertent emergency safety
unction actuations due to test or
Tiaintenance
Backlog of preventative maintenance

Number of Individuals Who Selected as
Important

1

1

1

1

1

1

1

1
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Performance Indicator

GG.

HH.
II.

JJ.
KK.

LL.

MM.

NN.

OO.
PP.

QQ.

RR.
SS.
TT.

UU.

VV.

ww.
XX.

YY.
ZZ.

AAA.
BBB.

Reporting failures of plant X and
between different sites, e.g., Sweden
Real and potential CCI
Real and potential CCI proc.
Frequency follow-up of estimated IE
Violations of safety barriers (e.g., open
fire doors)
Verification of statistical tools (data
pooling, mathematics, software)
Verification and approval of reliability
database
Time between failures discovery to time
o return to service
dumber of labor hours on surveillance
Number of labor hours on preventative
maintenance
Number of labor hours on corrective
maintenance (repair)
Employee turnover rate
Fraction of vacancies
vJumber of corrective work orders issued
or safety systems
vlumber of corrective work orders issued
or BOP systems
Number of LER events
Number of work orders
Number of hours to repair degraded
components
Low and medium solid radioactive waste
Number of occupational injuries
Number of unplanned stops at ESF
Number of shut downs

Number of Individuals Who Selected as
Important

1

1

1

1
1
1

1
1
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Please express your degree of belief that it is possible to formulate a meaningful
semi-analytical model as basis for identifying Type-D indicators and characterizing
their reliability influence.

Please express your degree of belief that it is possible to formulate a meaningful semi-
analytical model as basis for identifying Type-D indicators and characterizing their reliability

influence

Definitely Not Not Really Not Sure Yes

Note: Three of the nine "not sure" responses were non-answers

Definitely Yes

6. Please express your degree of belief that the foregoing semi-analytical model is
relevant (or reasonable) as a framework for identifying Type-D indicators and
characterizing their reliability influence.

Please express your degree of belief that the foregoing semi-analytical model is relevant (or
reasonable) as a framework for identifying Type-D indicators and characterizing their

reliability influence

Definitely Not Not Really Not Sure Yes

Note: Four of the eight "not sure" responses were non-answers

Definitely Yes
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7. For the foregoing proposed semi-analytical model, please express your degree of
belief that SKi's Maintenance Inspection Handbook or NRC's Causal Codes may be
useful in subjectively characterizing the quality of plant maintenance/operations

For the foregoing proposed semi-analytical model, please express your degree of belief that
SKi's Maintenance Inspection Handbook may be useful in subjectively characterizing the

quality of plant maintenance/operations
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Definitely Not Not Really Not Sure Yes Definitely Yes

Note: Eight of the seventeen "not sure" responses were non-answers

16

For the foregoing proposed semi-analytical model, please express your degree of belief that
NRC's Casual Codes may be useful in subjectively characterizing the quality of plant

maintenance/operations

Definitely Not Not Really Not Sure Yes

Note: Nine of the sixteen "not sure" responses were non-answers

Definitely Yes
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AN EXPERT ELICITATION PROCESS FOR
DETERMINING RELATIONSHIPS BETWEEN TYPE-D

PERFORMANCE INDICATORS AND CHANGES IN RATES OF
COMPONENT FAILURES AND INITIATING EVENTS:

WORKSHOP PROGRAM AND NOTES

September 1998

by:

Energy Research, Inc.
P. 0. Box 2034

Rockville, Maryland 20847-2034 USA

for:

Swedish Nuclear Power Inspectorate (SKi)
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WORKSHOP AGENDA

• Introduction by SKi

• Introduction by ERI

• Summary of Phase 1 Findings and Issues

Break

• Summary of Phase-2 Findings and Issues

• Expert Discussions

Lunch

• Continued Expert Discussions and Elicitation

Break

• Concluding Discussions and Recommendation Among Experts

• ERI Perspectives and Conclusions

• SKi Perspectives and Conclusions

• Adjourn
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WORKSHOP OUTLINE

1. INTRODUCTION AND BACKGROUND

2. SUMMARY OF PHASE-1 QUESTIONNAIRE FINDINGS AND ISSUES

3. SUMMARY OF PHASE-2 QUESTIONNAIRE FINDINGS AND ISSUES

4. EXPERT ELICITATION

4.1 PHASE-1 RESOLUTION

RANKING OF PERFORMANCE INDICATORS
ADDITIONAL PERFORMANCE INDICATORS
ISSUES ON USE OF PERFORMANCE INDICATORS
ISSUES REGARDING SEMI-THEORETICAL MODEL

4.2 PHASE-2 RESOLUTION

PERFORMANCE INDICATORS AND SAFETY CULTURE
DEFINITIONS OF PERFORMANCE INDICATORS
REFINED RANKINGS OF PERFORMANCE INDICATORS
MULTIPLE-CORRELATION-BASED RELATIONSHIPS
SEMI-THEORETICAL-BASED RELATIONSHIPS
ISSUES REGARDING DEVELOPMENT OF RELATIONSHIPS
ISSUES REGARDING USE OF RELATIONSHIPS

4.3 RECOMMENDATIONS

5. SUMMARY

A. LIST OF RESPONDENTS
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1. BACKGROUND AND WORKSHOP INTRODUCTION

BACKGROUND

This workshop is being sponsored by the Swedish Nuclear Power Inspectorate (SKi) as part
of an overall project on Risk-Based Performance Monitoring (RPM). The overall project
aims to assess the feasibility of implementing a RPM system that is structured within a
systematic Probabilistic Safety Assessment (PSA) framework. In this regard, the RPM
system is intended to evaluate the safety impact, as measured in PSA terms, of events or
conditions occurring at a given nuclear power plant (NPP) or group of NPPs.

An important difference between the proposed RPM system and Living PSA is the objective
of providing a rational means of "early warning" of potential degradation in future safety
performance. The early warning derives from relating the value of performance indicators to
changes in reliability performance of the plant. The relationships we seek to derive pertain
to events or conditions that vary continually at a plant but are not modeled dynamically in
PSA.

The overall RPM feasibility project has been designed to consist of the following parts:

Conceptual Development of Approach

Development of Preliminary "Type-D" Relationships Needed to Implement the
Approach

Case-Study Implementation to Demonstrate the Feasibility of the Approach

The first part of the project has already been performed. The second part of the project —
one element of which is the present workshop - is currently ongoing, and consists of data
analysis in addition to expert elicitation. The third part of the project remains to be
performed, and is to be based on the results and findings of the second part of the study.

Energy Research, Inc. (ERI) has worked as contractor to SKi on the development and
implementation of the RPM system.

WORKSHOP INTRODUCTION

This workshop represents the third and final phase of a three-phase expert elicitation
process. The first two phases of this process involved the use of written questionnaires.
This third phase involves active discussions and interactive feedback.

The success of this workshop, and of its objectives, depends primarily on your participation
as an expert. Your active involvement is greatly encouraged. You should view this
workshop as an opportunity for you to interject and exchange ideas in an open-minded
atmosphere. You need not have any prior experience in an expert elicitation process to
contribute meaningfully to this workshop.

WORKSHOP OBJECTIVES

This workshop has the following three principal objectives:
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1. To clarify and resolve issues related to the Phase-1 and Phase-2 questionnaires.

2. To refine and finalize the Type-D performance indicators (Pis) and
relationships that will serve as basis for future investigations.

3. To develop recommendations for use of the Pis and relationships, as well as
any further research needs.

WORKSHOP FORMAT

The workshop is intended to be informal, where open discussion and questions/answers are
highly encouraged. The content of the workshop is presented in the Workshop Outline.
There will first be a presentation of the principal findings and issues derived from the Phase-
1 and Phase-2 questionnaires. This presentation will serve to significantly define a scope for
subsequent discussions. Then, the major portion of the workshop will concentrate on expert
elicitation. Specific topics have been identified for discussion among the experts. The
discussions will be moderated by ERI, but there will be opportunity for each expert to "take
the floor" and present his/her ideas, if they so desire.

It should be re-emphasized that this meeting is a workshop based on expert elicitation. The
principal intent is not to inform the experts (except for necessary background information and
clarifications), but vice-versa. In other words, the main intent is to receive input and
comments from the experts. Thus, the experts should have the most significant participation
in the workshop discussions.

For a variety of reasons, it is natural for many people to feel somewhat reluctant to readily
express an opinion. However, it is hoped that all attending the workshop will actively
contribute to the discussions. In this regard, it should be kept in mind that your ideas need
not be supported by firm data, analyses, or published information. We are simply seeking
opinions and perspectives at this point. Furthermore, the results of this expert elicitation will
not serve as the "final word" on the selection of Type-D Pis and how they should be used.
Rather, it is intended that the results will serve as an initial basis for stimulating collection of
relevant data that can be subsequently analyzed and used to more rigorously establish the
desired relationships. Specifically, the expert-derived relationships are intended to serve as
prior distributions that can be updated and refined as more data on the relevant Pis become
available.

Finally, the format of the workshop is to be highly goal oriented. Each participant in the
workshop is asked to contribute with a view to achieving the stated Workshop Objectives.
However, it is important that any caveats or dissenting views be expressed by the workshop
participants. These will either be resolved through discussions, addressed by means of
recommendations, and/or documented as a product of the workshop.
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2. SUMMARY OF PHASE-1 QUESTIONNAIRE
FINDINGS AND ISSUES

PHASE-1 OBJECTIVE

The objective of Phase 1 was to help identify a limited set of performance indicators
that can be used as independent variables for predicting changes in reliability
performance in a multi-correlation study.

We started with a list of 78 performance indicators derived from various available
documents. Respondents were asked to indicate their degree of belief that each
indicator would have a causal relationship with respect to changes in reliability.

Respondents were also asked to provide a list of the top indicators they preferred for
predicting changes in reliability performance, and they were given the opportunity to
suggest additional indicators that they felt were relevant.

Another aspect of the Phase-1 questionnaire was to seek the opinions of
respondents regarding a possible semi-theoretical model based on maintenance
quality, maintenance frequency, and environmental severity. The principal idea
behind this model is that Type-D performance indicators could impact the reliability
of a component only if they affect some physical aspect of a component or an
operator's interaction with a component.

The Phase-1 questionnaire gave respondents the opportunity to present their
opinions and comments on various aspects of the questionnaire and their views on
the potential usefulness of this study effort.

PHASE-1 QUESTIONNAIRE

For reference purposes, a copy of the Phase-1 questionnaire is attached at the end
of this section.

PHASE-1 RESPONSES

A total of 21 experts responded to the Phase-1 questionnaire. A list of the
respondents is provided in an appendix to these notes (Section A). The following
figures provide a summary of the Phase-1 responses.
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PHASE-1 FINDINGS

The Phase-1 expert-based weightings of performance indicators were analyzed
according to five criteria, in order to derive the list of indicators that serve as
independent variables in predicting changes in reliability performance. These criteria
consisted of the following:

1. Ranking of performance indicators based on a weighted combination of experts'
degrees of belief.

2. Ranking of performance indicators based on the number of times an expert
agreed or strongly agreed that the indicator was significant to safety.

3. Examining the union and intersection of the top indicators identified from the
previous two rankings, and selecting a preliminary set of indicators based on
consistency.

4. Selecting a final set of 7 indicators from among the preliminary set in a manner
that ensured that at least one of the indicators identified as being most important
by each respondent was included in this final set.

5. Combining indicators if they were clearly sufficiently similar or closely related,
such that distinguishing between them would simply lead to redundancy.

The figures on the following pages demonstrate the results of the ranking that
constitute the first two criteria above.

PHASE-1 RESPONDENTS' COMMENTS

Following is a list of written comments received from respondents to the Phase-1
questionnaire:

• Respondent No. 1 (Bonaca)

Comments on Phase-1, Part B:

1. Indicators 1 through 8 are a mixed bag: high rate (bad) is also a function of an
aggressive, low threshold corrective action program (CAP) and self-assessment,
which are good. Low rates in some cases hide problems.

2. Regarding Indicator 19, the bigger question: is it recognized as a safety issue.

3. Indicator 74 is affected by sensitivity of CAP. Difficult to compare among units.

Comments on Phase-1, Part C:

1. Part C discussion suggests a qualitative correlation between "quality of maintenance
operations" and "safety culture". Although I agree with this correlation in a general
sense, I believe that a "low safety culture" may only negatively affect reliability of
safety systems (seen by a low culture as unnecessary/never run/Will never use), and
not necessarily those systems used for production and thus linked to capacity
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factor/compensation. This suggests two subsets for item (2), quality of maintenance,
or at lease consideration of this issue, depending on the components under
consideration.

2. The proposed correlation (Part C) presumes that component reliability only depends
on maintenance/OPS frequency, quality of maintenance, and environment, leaving
engineering and implementation defects as a prior/other issue not addressed here.

Note that for standby systems, not run and subjected to limited testing and
surveillances, the two issues cannot be easily separated.

We have found that limitations in testing/surveillance logic have failed to
identify design/construction/OPS performance defects, such that frequency of
maintenance/OPS, quality of maintenance/OPS and environmental severity
provide an incorrect perspective of equipment performance. You may want to
reflect on this and see if it affects the model you are proposing.

• Respondent No. 2 (Blom)

[Comments pertaining to some relevant additional indicators and program work were
provided in a cover letter]

• Respondent No. 3 (Carlstedt)

Comments on Phase-1, Part D (Overall Comments):

This questionnaire was very difficult for me to understand. [Maybe it depends on translation
to English.]

I think the performance indicators in Part B are very abstract. Therefore, my answers in Part
B are mostly 0% to 25%.

• Respondent No. 4 (Flodin)

[No Comments]

• Respondent No. 5 (Grynblat)

Comments on Phase-1, Part B:

When considering how useful a PI No. 1 (Rate ofLER events) might be for the purpose of
finding correlation to changes in reliability performance etc., one should have in mind that
the quality of LER-reports may differ strongly between different plants. The same event in
one plant may result in a LER-report, in other plant it will not. This may result in incorrect
correlations.

This PI [PI No. 63] may theoretically have both positive and negative influence on the safety
level of a NPP. Higher number of utility staff may indicate that more of different types of work
is performed by utility staff, which probably is positive since they should be more motivated.
Another positive aspect may be increase of know-how at utility staff due to more extensive
experience. On the other hand it might be a case that utility having a lot of staff prefers to
use its own staff, instead of using experts, which may be negative from the safety point of
view.
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• Respondent No. 6 (Hallman)

Comments on Phase-1, Part D:

/ think it is a bit strange to combine maintenance and operation. In a way they are the
opposite.

Comments on Phase-1, Part B:

Some of the indicators effect the reliability performance in a direct way, but others effect the
reliability indirectly, like training programs for the personnel. I thing it can be a good idea to
keep these two in different groups.

Some of the indicators are measuring more than just one thing, like "Ratio of downtime to
AOT" where a high ratio can be caused by a short AOT, which must be good for the
reliability performance.

• Respondent No. 7 (Hamzehee)

Comments on Phase-1, Part D (Overall Comments):

There are already programs in place at utilities that may be able to provide feedback/support
for this conceptual approach. Examples are:

1. System Health Program
monitoring safety system/BOP system availability and reliability on a
continuous basis
each system is assigned to appropriate system engineer and
maintenance group

2. Maintenance rule
establishing performance criteria
monitoring actual performance and comparing results with the
established criteria
performing root cause analysis and preventing repetitive failures

• Respondent No. 8 (Hultquist)

Comments on Phase-1, Part D (Overall Comments):

A lot of work remains to define words like: "administrative control problems", "operator error"
etc.

[Comment on having insufficient time to complete the questionnaire.]

/ think it is essential that the product of this effort not will produce a lot of extra work for the
power plants. Too sophisticated methods are often not effective.

• Respondent No. 9 (Hultqvist)

Comments on Phase-1, Part C:

I am not sure that it is correct to exclude the effect of the design organization in defining
problems for components. Bad design process for modifications and for replacement are
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very essential [as conditions] for equipment failures; failures that the maintenance or
operating personell cannot change. If problems of this kind are excluded the use of this
model will be reduced.

Comments on Phase-1, Part D (Overall Comments):

[When] working with indicators it is important to evaluate the usefulness of existing data.
The sources that exists are not perfect and have different status at different plants. The data
can be used within a plant where you know the status of the data used. Starting to confer
[this] plant [data] will not be relevant because [there are] different way to collect data. For
instance, some plants write LERs on very small events, [whereas] other only on major
problems. Often the plant with many LER has a better quality and component availability
than the plant with fewer LERs.

For some indicators, it is very difficult to get any data. There exists no sources for the
needed data.

To have a good efficient use of an indicator program, it is important that the user wants to
use it as a tool to develop [improvements at] the [specific] plant and not to have it as a tool to
indicate that the plant is better than other.

• Respondent No. 10 (Karlsson)

[No Comments]

• Respondent No. 11 (Kemgren)

[No Comments]

• Respondent No. 12 (Laakso)

Comments on Phase-1, Part C:

The Finnish study "Human Errors Related to Maintenance and Modifications" might give
background for your considerations of quality of maintenance and related operations.

Respondent No. 13 (Lehtinen)

Comments on Phase-1, Part D (Overall Comments):

Taken as a whole, this study, including its objectives, models, methodology, progress, and
finally, results is indeed very interesting.

Respondent No. 14 (Nyman)

Comments on Phase-1, Part D (Overall Comments):

1. The questionnaire does not take into account the problems with passive components.
Today it is very difficult to find "good" data on passive components and functions.

2. Initiating events of category - CCI (common cause initiators) are not, in my mind, taken
into account in the questionnaire, and what they can cause to the plant as secondary
effects on electrical systems due to steam and water leaks in BOP systems.
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3. Dependencies of any kind are due to lack of "good" data always important in the safety
work. Also, the PSA modeling of dependencies are important.

4. Dependencies in (e.g.) maintenance work are very hard to find due to bad reporting
and that "maintenance offices" in most cases are not part of the PSA work at the
plants.

• Respondent No. 15 (Ohlin)

Comments on Phase-1, Part B:

Those suggested Pi's that I have listed as "75% agreement" I feel are all good and suitable
indicators of what can be called "safety culture" (which is not possible to measure in itself).
Thus, they are not the root cause but decent indicators of it. I feel a bit hesitant to give them
in an order of priority. The most important thing is to have a rather large number of good Pi's
rather than just a few. If one just defines a few Pi's, it is too easy for management to focus
on reducing these factors and then the idea of having them as manifestations of the root
cause is no longer valid, units.

Comments on Phase-1, Part C:

/ believe that it is possible to achieve the frequency of maintenance/operation activities
directly for each plant based on the available plans for preventive maintenance that each
utility has (to different extents). For components not included in the PM plans it is possible to
make a conservative estimate (and in those cases it is reasonable to be conservative).

As to the quality of maintenance/operations I think a good measure would be a combination
of P11 and 52 from Part B.

The most difficult part to include in a generic manner is the degree of environmental severity
which is dependent on which environmental severity is imposed on each component during
an initiating event (e.g., release of steam during a pipe rupture outside containment in a
BWR).

• Respondent No. 16 (Palm)

[No Comments]

• Respondent No. 17 (Persson)

[No Comments]

• Respondent No. 18 (Rask)

[No Comments]

• Respondent No. 19 (Sandstedt)

Comments on Phase-1, Part D (Overall Comments):

For some of the "versus" and "percent" Pis, a specific result could be both good and bad
because they include two parameters, one in the numerator and one in the denominator.

There is a possibility that events included in both Type A-C Pis and Type D Pis will affect Sis
more than expected due to double counting. I have marked some of these Pis in Part B.
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• Respondent No. 20 (Sjoo)

[No Comments]

• Respondent No. 21 (Vaurio)

Comments on Phase-1, Part B:

Input to PSA models or data based on correlation of "opinions" is highly questionable. For
explanation, see separate sheet.

Meaningful indicators for detecting trends in safety, management or maintenance "culture"
may be identified.

My scale 0%, 25%, 50%, corresponds to 1%, 3%, 5% impact on failure rate. 75% and
100% are directly relevant to failure rates.

[The following comments were included as a footnote to Table 1.5; each comment pertains
to one or more PI]

1. Should have separate questions for corrective maintenance (repair) and preventive
maintenance.

2. Ratios of (e.g., safety systems/BOP) are not useful; they can be due to plant differences
(design), or the ratios in general.

3. Number of components can vary between plants, and differences can be "legitimate."

4. Many indicators may be relevant only to a small portion of components (specific system),
not all failure nates.

5. Can be due to test interval, not failure rate!

6. Can be good or bad, and practice/policy varies.

7. This is directly failure rate.

8. Can influence specific components only.

Comments on Phase-1, Part D (Overall Comments):

Perhaps [use] a linear multicorrelation model. It is static, but gives guidance on what Pis to
follow more closely to identify trends.

Direct comparison of plants may not be a good idea, there are many reasons for differences,
but trends within a plant can be meaningful.
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3. SUMMARY OF PHASE-2 QUESTIONNAIRE
FINDINGS AND ISSUES

PHASE-2 OBJECTIVE

The objective of Phase 2 has been to relate the limited set of performance indicators
produced from Phase 1 to various states of safety culture, and in turn, to relate
safety culture to anticipated impacts on reliability performance. Further, the second
phase questionnaire aimed to derive responses needed to implement both a
multicorrelation model and a semi-theoretical model of the impact of Pis on reliability
performance.

We started with a list of 6 key performance indicators derived from Phase 1.
Respondents were asked to complete three different tables relating a value for each
PI to each state of safety culture (superior, above average, average, below average,
and inferior). In the first table, the value for the PI was its actual numerical level; in
the second table, the value of the PI was its level of deviation from a mean number;
and in the third table, the value of the PI was a factor on the median number.

Respondents were further given the opportunity to refine their weightings (degree-of-
belief importance measures) for the selected 6 Pis, and they were asked to complete
a table of correlation coefficients for these indicators.

The questionnaire presented a logical format for relating safety culture to generic or
component-specific changes in component failure rates, and to generic or event-
specific changes in initiating event frequencies. The format was based on the
premise that reliability changes should be tied to conditional components of
population-wide reliability distributions.

Another aspect of the Phase-2 questionnaire was to obtain relationships from
respondents regarding the semi-theoretical model based on maintenance quality,
maintenance frequency, and environmental severity. The desired relationships are
achieved by respondents' completion of two tables: the first, relating ratio of
(maintenance frequency/vendor recommended maintenance frequency) to possible
combinations of safety culture and environmental severity; and the second relating
maintenance frequency ratio to generic or component-specific changes in
component failure rates.

Respondents were also given an optional, alternative format for completing the semi-
theoretical relationships, involving six tables: the first table allowed the respondent to
enter generic or component-specific values of optimum maintenance frequency ratio;
the second table allowed the respondent to enter a best-estimate relationship for
component failure rate amplification/deamplification as a function of maintenance
frequency ratio; and the next four tables allowed the respondent to enter confidence
bounds on component failure rate amplification/deamplification factors versus
maintenance frequency ratio, for various combinations of safety culture and
environmental severity.
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As in the Phase-1 questionnaire, the Phase-2 questionnaire also gave respondents
the opportunity to present their opinions and comments on various aspects of the
questionnaire and their views on the potential usefulness of this study effort.

PHASE-2 QUESTIONNAIRE

For reference purposes, a copy of the Phase-2 questionnaire is attached at the end
of this section.

PHASE-2 RESPONSES

A total of 15 experts provided some type of response (even if only written comments)
to the Phase-2 questionnaire. All experts participating in Phase 2 had also
participated in Phase 1; in other words, there were no new respondents participating
only in Phase 2. The same respondent numbers for Phase-1 participants are used
to describe Phase-2 participants.

Although a significant number of respondents participated in Phase 2, it is important
to point out that the responses were generally very limited. Only a few respondents
attempted to complete the majority of tables. Most respondents only completed
some of the tables pertaining to the multicorrelation study. In a number of cases, the
respondents indicated that they did not fully understand the questions.

The following figures provide some important information pertaining to the Phase-2
responses.

PHASE-2 FINDINGS

Although respondents indicated that they may not have fully understood the
questions pertaining to Phase 2, where they did take the initiative to provide a
response, their response generally appeared relevant. Sufficient responses have
been provided to implement the multicorrelation model and parts of the semi-
theoretical model. However, the robustness of such implementation would not
presently be as high as possible.

In other words, it is clear that there is a need for additional clarifications and
discussions, to be provided by means of the workshop, before additional results are
completed and compiled.

For purposes of illustration, the following figures show some preliminary results
compiled from the Phase-2 questionnaire.
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PHASE-2 RESPONDENTS' COMMENTS

Following is a list of written comments received from respondents to the Phase-2
questionnaire:

• Respondent No. 1 (Bonaca)

Comments on Phase-2, Part B:

*(From Table on page 10)

1. Numbers include Level 1 (~LERs) and Level 2 condition reports i.e., those having safety
significance.

2. Rate is provided as a yearly percent of rework, i.e., where tests show that maintenance
work was not adequate. Rate is provided in %, because population vanes greatly
between 3000 and 8000 work orders/percent x year. Corrective maintenance is not
included in this line, only rework.

General Comments on Phase-2:

[Regarding] component failure rate information: for this I have included 2 spreadsheets that
include related information. I believe it should be helpful.

I have a number of reservations with regard to the process we have used to this point:

1. In selecting key performance indicators, those proposed by individual respondents in the
first questionnaire have been automatically excluded in that they ended up getting only
one vote. This may have inadvertently excluded the very expert opinions you were
seeking.

2. The chosen key performance indicators are not clearly defined. What type of errors
should be included in 1? What are "maintenance problems"? (Excessive corrective
maintenance? Rework? Overdue PM? All of the above?) and so on...Without clear
definitions you are likely to get a lot of inconsistent data that will make any further
manipulation irrelevant. This is a fundamental point that we need to clear.

3. Even when clearly defined, in order to generate a meaningful correlation with culture we
need to eliminate factors that will impact the data as much as, or more that culture. For
example, number of errors depends on number of activities, which is heavily dependent
on plant design, age and complexity. So is rate of repair: An older plant will generally be
more vulnerable to failures needing repairs. Examples such as these abound. We need
to sort out normalized data for which we feel that there is a one-to-one dependency with
culture. The key performance indicators provided are too rough to provide an
unequivocal dependency on culture.

In summary, we need to spend much more time on raw data. We need to discuss it and
come to a consensus on those indicators (and how selected and measured) that will have
the most likely chance of success. I would recommend that time be spent on these issues
when in Stockholm. You may want to start the workshop in the afternoon of Monday to gain
some time.

• Respondent No. 3 (Carlstedt)

Comments on Phase-2, Part D (General Comments):
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/ feel that the questionnaire was very difficult to answer. Most of the questions I did not
understand. Therefore, my answers are probably not correct.

• Respondent No. 4 (Flodin)

Comments on Phase-2, Part D (General Comments):

The Phase-2 questions are really too detailed for me to complete. I have responded to the
items I feel I am capable of with reasonable effort. Collecting the data/information needed to
respond to the total questionnaire would require a considerable effort, if even possible?

The results from Phase-1 confirm that my view of which indicators best "measure" safety
culture is very much in accordance with the view of the majority of the experts.

I strongly doubt though that the project/process has the potential to develop into a tool for
the use as intended. It is just too sophisticated.

• Respondent No. 5 (Grynblat)

Comments on Phase-2, Part D (General Comments):

• Definition of "Maintenance Problem"

I have earlier indicated in one of my mail messages that definition of "maintenance problem",
and other items covered by this project, is important for the quality of received answers and
should be considered during evaluation of questionnaires and discussed during the
workshop. I believe that it should also be distinction between maintenance on safety and
non-safety equipment.

In my answers were used definitions that "problem" means that something which is
significant with regard to safety has occurred.

• MWR

It should be noted that plant policy with regard to MWR may differ between different plants.
Different "safety culture" with regard to MWR may by applied, e.g., some plants may issue
MWR for actions that other plants do not.

• Optimum Maintenance Frequency Versus Vendor-Recommended Frequency

When a vendor recommends maintenance frequency he should consider environmental
severity, i.e., the ratio of optimum frequency versus vendor-recommended frequency maybe
independent of environmental severity.

Another aspect of this issue is that I believe that vendor recommends "more" maintenance
than it is really needed, just to be sure...

• Ratios of Maintenance Frequency Versus Optimum Maintenance Frequency

I believe that "too less" maintenance has more adverse impact on the Component Failure
Rate than "too much" maintenance.

• Safety Culture Versus Maintenance Frequency
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When we are describing "superior" safety culture, then we are talking about "brilliant"
professionals who know what they are doing. With this in mind, I believe that when such an
organization decides to increase or decrease the amount of maintenance then it is a right
decision, otherwise it is not a "superior" safety culture. What I'm trying to say is that I believe
that there is some contradiction in the tables where safety culture is one of the parameters.

• Respondent No. 6 (Haltman)

Comments on Phase-2, Part D (General Comments):

/ don't know the vendor-recommended frequency and how it relates to the frequency used in
the Swedish plants, so I can't answer some of the questions. The same with the rate of
errors, rate of maintenance, reactor trips caused by maintenance or testing errors. Another
problem is that we need a common definition of "problems" and other things we are asked
about, to be able to tell anything about what frequency implies an average safety culture.

Some of the quantitative answers involve too much uncertainty to be meaningful to answer.

On page 11: Why can't the figures differ from the answers before? Now you ask about safety
culture and before you talked about reliability performance of equipment and of changes in
an initiating event [frequency].

• Respondent No. 8 (Hultquist)

Comments on Phase-2, Part D (General Comments):

This process seems to be very (too) theoretical. For example: What is "annual rate of errors,
including..." or "annual rates of problems with repeated root cause". Each word probably
means different things to different people. Do you mean that each plant should define these
words in their own way, then try to trend the numbers and compare the results between
different plants?

To me, this is a laboratory approach that will be of little use in the real world. Reminds me of
the "International Nuclear Event Scale" which turned out to be partly a political scale.
Originally intended to compare events in different parts of the worid to define the "real"
meaning of incidents

I think this method has to many loose ends that will make it easy to manipulate or
misunderstand the results.

• Respondent No. 10 (Karlsson)

Comments on Phase-2, Part D (General Comments):

It has been a hard task and trouble [difficult] for me to fill in this Phase-2 questionnaire.

I think this study is too theoretical. I don't think we, as a utility, can ever use this in our work.
Maybe in basic research and/or social science it's worth to try this to [monitor] performance
indicators.

• Respondent No. 12 (Laakso)

Comments on Phase-2, Part D (General Comments):
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Too many and too theoretical questions to be answered within limited time resources and by
persons having a good knowledge of operation and maintenance. (Many, but not all the
tables, were filled in my case.)

As a supposition for the work, not only the rates of component failures and initiating events
should have been taken into account. Also common cause failures should have been
emphasized due to their safety and PSA significance. CCFs can also be identified from the
plant failure and event data.

I do not agree with the model supposition that in a plant with a low safety culture, the
optimum of maintenance frequency should be lower due to excessive risk of human errors in
relation to maintenance. Low safety culture originates from the management level. Plants
with low safety culture were often overwhelmed by repairs and have therefore more backlog
in preventive maintenance programs which leads to a negative spiral of degradation
(compare with Ontario Hydro plants among others). Low safety culture plants should
increase their pro-active and preventive programs.

Performance indicators should be defined in indicator specifications, not only the names are
sufficient to describe their contents consistently.

In addition, the key performance indicators 1, 2 and 3 can preferably be measured at plant
level, performance indicator 4 at component, component group, system and plant level and
indicator 5 at, e.g., component level and the indicator 6 at component group or component
level. Depending on the level the values and interpretation of the indicators will be very
different.

The direct correlation between the PSA figures (failure rates and initiating event frequencies)
and the key performance indicators is questionable. However, a good aspect of this
approach is that PSA model and data steer the selection of indirect performance indicators
with an emphasis on concrete safety objectives.

• Respondent No. 13 (Lehtinen)

Comments on Phase-2, Part D (General Comments):

The study is very interesting. I feel that I did not have enough time to become familiar with
some questions towards the end of the questionnaire (pp 19 - 25). Therefore, I did not
answer to these tables.

• Respondent No. 14 (Nyman)

Comments on Phase-2, Part D (General Comments):

This questionnaire asks the reader about facts that in my mind require a lot of knowledge
about the statistics on reliability data. In Sweden, e.g., the coverage rate of the collected
data (rel. data) in the so called T-book is 70% - 85% of all critical failures (non critical too)
compared to the data stored in databases at the plants.

For example, the T-book is produced by the TUD-office and all reliability data is collected to
the database run by TUD office. T-book (reliability data book) is produced from critical
failures in the [?] LCRs and workorder reports.

Big uncertainties can be hidden in the data if the user/reader of this document is not aware
of the average coverage of collected reliability data in Sweden and in other countries. No
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one knows how many critical failures are lost due to test. The reliability numbers known can
be underestimated in some cases ~ 10% - 30%.

• Respondent No. 15 (Ohlin)

Comments on Phase-2, Part B:

[The following comments pertain to the first table in Part B]

1) This requires a definition of a "maintenance problem", due to the ambiguous nature of
what is a "maintenance problem" I do not think it is a good practical indicator.

2) I do not think annual rate of repair is a good practical indicator either, especially if you
include preventative maintenance in "repair".

3) Some problems (which then must be defined) must be ruled out on this indicator. For
example, if there is a problem component which can not be readily replaced.

[The following comments pertain to the sixth and seventh tables in Part B]

• / believe there is a difference in "roughness" between different component types (i.e.,
their reliability is more or less affected by a bad safety culture). I do not believe it is
meaningful to try to define anything else than the sensitivity of different component types
which I tried to do in the table below. 1=Very sensitive, 0=Very rough.

Comments on Phase-2, Part C:

For the following tables, I do not have the necessary experience to answer them properly.

• Respondent No. 16 (Palm)

[No Comments]

• Respondent No. 18 (Rask)

[No Comments]

• Respondent No. 19 (Sandstedt))

[No Comments]

• Respondent No. 21 (Vaurio)

Comments Provided by Email:

/ have not been able to allocate enough time to participate in the second round. It seems
that I have problems with definitions (e.g., what is a maintenance "problem"?) and I can not
lump together "maintenance" without knowing if it means preventative, corrective, etc. I
probably have a different way of thinking because I don't see operator errors correlating with
failure rates that are more determined by maintenance department, or even design,
installation, and environment.

For many indicators, events are rare, and the trend maybe more easily detected from actual
failure rates than the indicators. (Statistical significance is the issue here.)
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/ have some concerns about possible "consensus" that may be reached at this time with
somewhat vague definitions.

There have been safety culture comparisons between Ontario Hydro and Loviisa, by a
consultant, and there are many differences with relevant indicators.

Maybe it is too direct coupling to the failure rates of a PSA that is attempted in this
questionnaire, that either misdirected me, or cause concern about possible use of the results
(^opinions). I still think more emphasis should be on empirical data, even if some of that
may not be available in Sweden or Finland.
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4. EXPERT ELICITATION

After presentation of the Phase-1 and Phase-2 findings and issues, focused
discussions will be held to obtain expert-opinion resolutions for the following topics.
The discussions should be goal/success-oriented, and will allow for each workshop
participant/respondent to contribute and/or make a brief presentation.

The discussions should include recommendations for subsequent action, including
outlining of a next questionnaire, if needed.

PHASE-1 RESOLUTION

Ranking and Selection of Performance Indicators

What should be the final selection?

How to select independent indicators.

Additional Performance Indicators

Need to consider these, as appropriate.

Issues On Use Of Performance Indicators
Appropriate to characterize safety culture?

Appropriate to predict reliability changes?

Treatment of correlation among indicators.

Issues Regarding Semi-Theoretical Model

Should this model be abandoned, or refined?

PHASE-2 RESOLUTION

Expert Elicitation Versus Empirical, Theoretical

Are there reasonable alternatives to an expert approach, at present?

Performance Indicators and Safety Culture

Determination of relevant relationships needs to be finalized.

Definitions of Performance Indicators

Are highly precise definitions needed, if we base our assessments of
safety culture on number of deviates from the mean, or factors of the
median?
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If so, what should be the precise, unique definitions?

Refined Rankings Of Performance Indicators

Rankings/selection of key indicators may change with changes in PI
definitions.

Multiple-Correlation-Based Relationships

Determinations of relevant relationships to predict reliability changes
from key Pis need to be finalized.

Semi-Theoretical-Based Relationships

If not abandoned, then what refinements are needed?

How should relevant relationships between key indicators and
reliability changes be finalized in the context of this model?

Issues Regarding Development Of Relationships

Is current approach too complicated, or does it just need
clarification?

Can it be reasonably simplified and still kept meaningful?

Issues Regarding Use Of Relationships

What should limitations on use be?

Plant-specific application versus plant-to-plant comparisons.

RECOMMENDATIONS

Recommendations on Development of a Supplemental
Questionnaire, if Needed

Recommendations on Additional Investigation, Data Collection,
Etc.

Recommendations on Use of the Performance Monitoring
Approach
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5. SUMMARY

This project can be thought of as the formulation of a "best initial plan of action" in
constructing a continually improving process of data collection and analysis for
safety performance monitoring of NPPs. The project is a starting/launch point that
serves to essentially "bootstrap" a performance monitoring system. Due to the
importance of safety performance modeling to the nuclear power industry, this
starting point is inevitable. Without this launch point (occurring in one form or
another), there is no basis to proceed with the performance monitoring process,
primarily because sufficiently meaningful data and the approaches for using such
data have currently not been rationally identified or collected to support performance
modeling, nor will such data and approaches be generated until some initial set of
key performance indicators (servings as the basis for collecting data in the future)
and methods for their use are proposed.

It is thus not realistic to expect that the present project can be based on already
available empirical data; nor is it productive to conclude that, due to data limitations,
performance monitoring is simply a theoretical concept with unobtainable results.
Consequently, this study has adopted a realistic and progressive approach based on
expert elicitation. Expert elicitation has been successfully applied to several similar
situations, and the foundations of this approach have considerably matured in recent
years. It is neither an empirical approach or a theoretical approach, but is a rational
approach aimed at readily deriving practical, useable results. A systematic
application of the approach is in the formulation of prior distributions, that can be
subsequently updated as data become available, within the context of Bayesian
analysis.

It is natural that some experts express hesitation or discomfortable in making their
expert assessments. Such expression is usually a manifestation of uncertainty
associated with the fact that the expert is relying on "gut feeling" or intuition rather
than hard data or firm analysis. Clearly, though, the lack of firm data or analysis is
precisely the motivation for relying on expert assessments (albeit uncertain).

In the present expert elicitation process, thanks in great part to the significant
contribution of the many respondents, the Phase-1 and Phase-2 questionnaires have
resulted in the collection of a wealth of information that will ultimately serve to
establish an initial direction for performance monitoring. However, a significant
transition occurred in the collective perspective of experts, from mostly optimism
regarding the prospectives for achieving the study's goals in Phase 1, to a somewhat
more pessimistic view in Phase 2. To some degree, this change in perspective can
be attributed to the increased complexity (and associated increased expert
uncertainty) and time commitment involved for Phase 2. In any case, it was
recognized from the outset of this project that a workshop would be vital in clarifying
the questionnaire process and in most effectively compiling the expert assessments.

It is anticipated that a final (third) questionnaire following the workshop, produced in
consideration of feedback received by the experts, will be instrumental in achieving
the most beneficial project results.
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In addition to providing needed clarifications in light of respondents1 concerns, this
workshop program is intended to encourage the experts to view this project as a
unique opportunity to contribute to a useful goal, through innovative means, and to
maintain a success-oriented and continued diligent view in providing their opinions.
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A. LIST OF QUESTIONNAIRE RESPONDENTS
(ALPHABETIZED)

1. Mario BONACA
Director, Nuclear Engineering
Chairman, Nuclear Safety Assessment Board

NORTHEAST UTILITIES
P.O. Box 270
Hartford, CT 06141
USA

Phone: (860) 832-4771 and (860) 440-0400
Fax: (860) 832-4900
Email: BonacaMV@NU.com

2. Irene BLOM
Quality Manager (Human Factors Specialist)

SKi, SWEDISH NUCLEAR POWER INSPECTORATE
S -10658 Stockholm
SWEDEN

Phone: +46 86988471
Fax: +46 86619086
Email: irene.blom@ski_se

3, Hakan CARLSTEDT
Engineer, Reactor Section, Forsmark-2

FORSMARKS KRAFTGRUPP AB
S - 74203 Osthammar
SWEDEN

Phone: +46 17381227
Fax: +46 17381615
Email: h1c@forsmark.vattenfall.se

4. Yngve B. FLODIN
Senior Expert

VATTENFALL AB
Generation
SE-16287 Vallingby
SWEDEN

Phone: +46 87395385
Fax: +46 8377795
Email: yngve.flodin@generation.vattenfall.se
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LIST OF QUESTIONNAIRE RESPONDENTS
(CONTINUED)

5. Jerzy GRYNBLAT
Managing Director and Senior Nuclear Safety Consultant

RELCON AB
Box 1288
S-17225 Sundbyerg
SWEDEN

Phone: +46 84452111
Fax: +46 84452101
Email: jerzy.grynblat@relcon.se

6. Anders HALLMAN
Specialist

SKi, SWEDISH NUCLEAR POWER INSPECTORATE
SE-10658 Stockholm
SWEDEN

Phone: +46 86988472
Fax: +46 86619086
Email: anders.hallman@ski.se

7. Hossein G. HAMZEHEE
Senior Risk and Reliability Engineer

U.S. NUCLEAR REGULATORY COMMISSION
Two White Flint North
Rockville, MD 20852
USA

Phone: (301)415-6228
Fax: (301)415-6359
Email: HGH@NRC.gov

8. Mr. Jan HULTQUIST
Safety Engineer

RINGHALS NPP
Vattenfall Ringhals, Block 4
43022 Varobacka
SWEDEN

Phone: +46 34066485
Fax: +46 340667305
Email: JOHU@Ringhals.Vattenfall.SE
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LIST OF QUESTIONNAIRE RESPONDENTS
(CONTINUED)

Goran HULTQVIST
Technical Specialist in Reactor Safety Technology

FTT, FORSMARK KRAFTGRUPP AB
S - 74203 Osthammar
SWEDEN

Phone: +4617381000
Fax: +46 17355116
Email: ght@forsmark.vattenfall.se

10. Torbjorn KARLSSON
Safety Engineer, Oskarshamn / Unit 3

OSKARSHAMN NUCLEAR POWER PLANT
SE - 57283 Oskarshamn
SWEDEN

Phone: +46 491786109
Fax: +46 491786109
Email: tob@okg.sydkraft.se

11. Carl Johan KEMGREN
Controller, Operations

OSKARSHAMN NUCLEAR POWER PLANT
SE - 57283 Oskarshamn
SWEDEN

Phone: +46 491786603
Fax: +46 491786612
Email: cjk@okg.se

12. Kari LAAKSO
Dr. Tech. (Senior Research Scientist)

TECHNICAL RESEARCH CENTRE OF FINLAND
VTT Automation, PL 1301
FIN-02044 VTT
FINLAND

Phone: + 358 - 9 - 456 6465
Fax: + 358 - 9 - 456 7046
Email: Kari.Laakso@vtt.fi
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LIST OF QUESTIONNAIRE RESPONDENTS
(CONTINUED)

13. Mr. Esko LEHTINEN
Senior Research Scientist

TECHNICAL RESEARCH CENTRE OF FINLAND
P.O. Box 1301
FIN-02044 VTT
FINLAND

Phone: + 358 - 9 - 456 6446
Fax: + 358 - 9 - 456 6752
Email: Esko.Lehtinen@vtt.fi

14. Ralph NYMAN
Regulatory Licensing, PSA Specialist

SKi, SWEDISH NUCLEAR POWER INSPECTORATE
Kearabergsriaduhten 90
S-10658 Stockholm
SWEDEN

Phone: +46 86988478
Fax: +46 86619086
Email: ralph@ski.se

15. TomasOHLIN
Senior Specialist, Reactor Safety

ABB ATOM AB
S - 72163 Vasteras
SWEDEN

Phone: +46(0)121347365
Fax: +46(0)121348290
Email: atotooh@ato.abb.se

16. Christer PALM
Safety Engineer

BARSEBACK KRAFT AB
Box 524
S - 24625 Ldddekbpinge
SWEDEN

Phone: +46 46724000
Fax: +46 46724144
Email: christer.palm@bkab.sydkraft.se
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LIST OF QUESTIONNAIRE RESPONDENTS
(CONTINUED)

17. Stefan PERSSON
Manager, Reactor Department, Forsmark-2

FORSMARKS KRAFTGRUPP AB
S - 74203 Osthammar
SWEDEN

Phone: +46 17381501
Fax: +46 17381615
Email: stp@forsmark.vattenfall.se

18. Lars RASK
Inspector

SKi, SWEDISH NUCLEAR POWER INSPECTORATE
Statens karnkraftinspektion
SE-10658 Stockholm
SWEDEN

Phone: +46 8 6988456
Fax: +46 8 6619086
Email: larsr@SKI.se

19. Johan SANDSTEDT
Senior Nuclear Safety Consultant

RELCON AB
Box 1288
S -17225 Sundbyberg
SWEDEN

Phone: +46 84452133
Fax: +46 84452101
Email: johan.sandstedt@relcon.se

20. Ulf SJOO
Safety Controller

OKGAB
SE - 57283 Oskarshamn
SWEDEN

Phone: +46 491786145
Fax: +46 491787570
Email: ulf.sjoo@okg.sydkraft.se
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LIST OF QUESTIONNAIRE RESPONDENTS
(CONTINUED)

21. Jussi K. VAURIO
PSA Program Manager

IMATRAN VOIMA OY
Loviisa NPS
P.O. Box 23
SF-07901 Loviisa
FINLAND

Phone: (358) 19-5504700
Fax: (358) 19-5504435
Email: Jussi.Vaurio@IVO.fi
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SLIDES PRESENTED AT WORKSHOP
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PHASE-1 RESULTS FOR: KEY PERFORMANCE INDICATORS

1. Annual Rate of Errors by Plant Personnel

2. Annual Rate of Maintenance Problems

3. Percent of Planned Maintenance Performed on Schedule

4. Ratio of Corrective vs. Preventive MWRs on Safety Equipment

5. Annual Rate of Corrective Maintenance

6. Annual Rate of Problems with Repeated Root Cause (Problems =
Deviations/Failures)

ADDITIONAL (INDEPENDENT) Pis

7. Rate of Plant Changes not Incorporated into Design-basis Documents by Next
Outage

8. Rate of Design-Basis Violations

9. Rate of BOP Equipment Failures

10. Rate of Forced Power Outages/Reductions

11. Backlog of Work Orders

12. Rate of Temporary Modifications Lasting More than One Year

DEFINITIONS OF Pis

1. Errors (Safety Significant Errors: Reportable; Tech. Spec. Violations) by Plant
Personnel and Contractors, Others Interacting with Equipment

2. a. Maintenance Problem: Maintenance Rework, Maintenance Overdue
b. Percent Planned Maintenance Performed on Schedule (Positive PI)

3. Deleted

4. Stet

5. Annual Rate of Corrective Maintenance

6. Problems with Repeated Root Cause Previously Identified (by Vendors, Other Plants,
Regulators) for Similar Plants (having Same Components)
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PROJECT FRAMEWORK

• Expert-based, at this point, to initiate a process of RPM (risk-based performance
monitoring)

- Not (yet) an approach based on data (the relevant data may not yet exist)
- Not primarily a theoretical approach

It is an approach based on your input as an expert having relevant experience and
valid judgement

• The approach is intended to eventually become primarily empirical (i.e., based-
on/confirmed by data)

• Benefits:

- Early warning of safety degradation based on dynamically varying conditions or
events at a plant (Type D)
Improved plant reliability (via minimization of the number of events/conditions [Pis]
that have a potential adverse safety impact
Improved understanding of plant reliability

Conditional Mean: n'sc =

Conditional Standard Deviation: a'sc = XSCCT

asc; Asc = Adjustments with respect to the unconditional distribution parameters ([i, a1)

Example - for "poor" safety culture:

We expect jipoor (mean failure rate for/given poor safety culture) > \i (unconditional mean
failure rate); hence apoOr> 1-0.

TWO PROPOSED USES OF Pis AND CONDITIONAL ESTIMATES OF (n, c)

1. Multi-Correlation of Pis to "safety culture":
a. PI-,, PI2...key Pis mapped into safety culture status.
b. Map safety culture status to (p., a)

2. Semi-theoretical approach based on:
maintenance frequency
maintenance quality

- maintenance severity
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SEMI-THEORETICAL APPROACH

• Basis: reliability changes must have a physical cause:
human caused changes characterized by maintenance quality and maintenance
frequency

- natural changes characterized by environmental severity

• Method: optimum curve (in terms of maintenance frequency) plus shaping function

WORKSHOP INTRODUCTION AND BACKGROUND

• Workshop program - third phase in expert-elicitation process

• Workshop objectives
clarify Phase 1 & 2 questionnaires and resolve related issues

- finalize selection of Type-D Pis and the relationships/impact on reliability measures
chart future directions/recommendations

• Workshop format - active participation by all participants

GOAL-ORIENTED

• Successful finalization of Pis (Phase-1 resolution)

• Successful completion of PI relationships to reliability changes (Phase-2 resolution)

TWO PRINCIPAL ASPECTS OF IMPLEMENTING THIS APPROACH

1. Selecting good performance indicators that meaningfully distinguish different
conditional distributions (Phase-1)

2. Make initial estimates of conditional n and a (as adjustments to the unconditional |x'
and a' that can be refined as data on the Pis are obtained (Phase-2)
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PHASE-1 QUESTIONNAIRE SUMMARY

• Part A:
- self-evaluation

optimism/pessimism about study

• Part B:
- "degrees of belief that Pis relate to
- top Pis
- Additional Pis

• Part C:
- basic opinion on semi-theoretical approach and relevant parameters

• Part D:
- general comments

PHASE-1 FINDINGS AND ISSUES

Findings:
- key set of six Pis; reduced from 78

Issues:
- comments received by experts factored into development of Phase-2 questionnaire

APPROACH TO DEVELOPING KEY Pis LIST

1. Ranking of "relative worth" of Pis:
ranking based on average of expert weights
ranking based on frequency of "agree" or "strongly agree"

2. Consistency of rankings

3. Elimination/reduction/combination based on redundancy
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PRINCIPAL PHASE-1 ISSUES

• Clarify definitions of some Pis

• Safety culture effects on safety versus BOP equipment

• Questionnaire too difficult?

• Variation (from plant to plant) in quality of LER reporting

• Why combine maintenance and operation?

• Other, similar programs may exist

• Don't make method too sophisticated requiring too much work to implement

• Effect of design/fabrication problems

• Use method only on plant-specific basis, not plant-to-plant comparison

• Treatment of passive components/functions

• Treatment of common-cause effects

• Maintenance programs are usually separate from PSA

• Difficult to include effects of environmental severity

• Some Pis could be both good and bad

• Some Type-D Pis overlap with Type A-C Pis (possible double counting)

• Opinion-based approach for failure rate correlations is questionable vs. simply detecting
"trends" in safety culture
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PHASE-2 QUESTIONNAIRE SUMMARY

Part A:
self-evaluation

- optimism/pessimism critique of study

PartB:
PI - safety culture tables
safety culture - (u, a) conditional vs. unconditional

PartC:
- semi-theoretical model - tables on optimum maintenance frequency and shaping

functions

PartD:
- general comments

PHASE-2 FINDINGS AND ISSUES

• Findings:
- limited completion of tables
- some mapping of PI changes to safety culture

some completion of correlation matrix
- very sparse treatment of semi-theoretical tables

• Issues:
- comments received by experts

PRINCIPAL PHASE-2 ISSUES

Need clear definitions of Pis to complete tables
Basis for developing list of key Pis
Plant design, age, complexity need to be factored into the significance of a PI value
Data needed to support approach
Questionnaire was too difficult, too sophisticated
Results could be misused
Optimum maintenance frequency may be independent of environmental severity
Too little maintenance always negatively impacts failure rate, regardless of safety culture
Need additional information to complete tables
Too much uncertainty in completing tables
Study may be too theoretical
Need to consider CCFs
Pis can be measured at component, system or plant level
Use T-book data to help
Insufficient time to complete Phase-2 questionnaire
Emphasis should be on empirical trends, not correlation to PSA inputs
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APPENDIX D: PHASE 2 (REVISED) QUESTIONNAIRE
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ERI/SKI 98-404

AN EXPERT ELICITATION PROCESS FOR
DETERMINING RELATIONSHIPS BETWEEN TYPE-D

PERFORMANCE INDICATORS AND CHANGES IN RATES OF
COMPONENT FAILURES AND INITIATING EVENTS:

PHASE II QUESTIONNAIRE (REVISED)

September 1998

by:

Energy Research, Inc.
P. 0. Box 2034

Rockville, Maryland 20847-2034 USA

for:

Swedish Nuclear Power Inspectorate (SKi)
S-106 58 Stockholm, Sweden
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Phase II QUESTIONNAIRE (REVISED)

• Introductory Remarks to Respondents

This questionnaire has been developed in response to comments received by
experts at a 22 September 1998 workshop held in Stockholm, Sweden on the topic
of nuclear power plant performance indicators and their use in evaluating changes in
component failure rates and initiating event frequencies. (If you have not already
received a copy of the workshop notes from SKi, you may wish to request a copy for
your use.) The content and format of this questionnaire is similar to the Phase-2
questionnaire, however, revisions have been made to incorporate a final set of
eleven (11) performance indicators (selected based on workshop discussions) and
to make the questionnaire more concise.

Your participation in this study is greatly appreciated, and will assist in the
stimulation of current and future understanding regarding plant safety-related
performance indicators.

• Instructions for Revised Phase II Questionnaire

As was the case for the Phase-2 questionnaire, this questionnaire consists of the
following parts:

• Part A - General Information and Self Evaluation

• Part B - Multiple Correlation Study Relating Type-D Indicators to Changes in
Component Failure Rates and Initiating Event Frequencies

• Part C - Implementation of Semi-Analytical Model Relating Type-D Indicators
to Changes in Component Failure Rates. (Based on comments received
during the workshop, this section has been deleted pending additional
investigation.)

• Part D - Comments and Suggestions.

The format of each questionnaire entry and response is similar to the Phase 2
questionnaire. Each participant at the workshop in Stockholm indicated that they
understood what was required in completing the questionnaire. However, if you have
additional questions or comments, please contact Dr. Mohsen Khatib-Rahbar at Energy
Research, Inc. (email: mkr-eri(®radix.net oreritip.radix.net).
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Part A - General Information and Self Evaluation

Please provide your name:

Name:

Please indicate (by marking with an "X" or providing a specific value) your
degree of agreement with the following:

I feel qualified (or continue to feel qualified) to participate as an expert having
knowledge and experience related to the objectives of this questionnaire.

Definitely Not

0

Not Really

25

Not Sure

50

Yes

75

Definitely
Yes
too

feel that the objectives of this study are reasonably achievable.

Definitely Not

0

Not Really

25

Not Sure

50

Yes

75

Definitely
Yes
100

I feel the workshop (or workshop information [if you did not attend the
workshop]) was useful in communicating/clarifying the goals, format, and
potential benefits of this study, as well as the requirements of experts.

Definitely Not

0

Not Really

25

Not Sure

50

Yes

75

Definitely
Yes
100
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Part B - Multiple Correlation Study Relating Type-D Indicators to Changes
in Component Failure Rates and Initiating Event Frequencies

Key Performance Indicators

Based on discussions at the workshop, the following definitions of performance
indicators were selected for subsequent use in this study:

1. Annual rate of safety-significant errors (i.e., reportable violations of
technical specifications) by plant personnel, contractors, and others.

2. Annual rate of maintenance problems (defined as maintenance rework or
overdue maintenance).

3. Percentage of planned maintenance that is not completed on schedule.

4. Ratio of corrective versus preventative maintenance work requests (MWRs)
on safety equipment.

5. Annual rate of corrective maintenance.

6. Annual rate of problems (deviations/failures) with repeated root cause (i.e.,
a cause previously identified by a vendor, the plant, another plant, the
regulator, etc., for a similar plant or group of plants, or for similar
components).

7. Annual rate of plant changes that are not incorporated into design-basis
documents by the time of the next outage following the change.

8. Annual rate of balance-of-plant (BOP) equipment failures.

9. Annual rate of forced power outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications that have been in place for more than
one year.

Relative Worth Among the Key Performance Indicators

Based on workshop discussions with the experts, and results from previous
questionnaires, the identified key performance indicators have generally high
relative worths. At this point, having a more precise understanding as to the
set of key indicators and the framework for their use, you are given the
opportunity to develop a set of refined rankings of their relative worth in
characterizing safety.
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In the table below, provide a value between 0 to 100 expressing your
relative worth of the noted indicator in characterizing safety culture. A value
of zero denotes no worth, whereas a value of 100 denotes highest worth.

Key Performance Indicators

1. Annual rate of safety-significant errors (i.e., reportable violations of technical
specifications) by plant personnel, contractors, and others.

2. Annual rate of maintenance problems (defined as maintenance rework or
overdue maintenance).

3. Percentage of planned maintenance that is not completed on schedule.

4. Ratio of corrective versus preventative maintenance work requests (MWRs) on
safety equipment.

5. Annual rate of corrective maintenance.

6. Annual rate of problems (deviations/failures) with repeated root cause (i.e., a
cause previously identified by a vendor, the plant, another plant, the regulator,
etc., for a similar plant or group of plants, or for similar components).

7. Annual rate of plant changes that are not incorporated into design-basis
documents by the time of the next outage following the change.

8. Annual rate of balance-of-plant (BOP) equipment failures.

9. Annual rate of forced power outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications that have been in place for more than one
year.

Relative Worth
(0-100)

Approach for Use of Key Indicators

These key performance indicators define independent variables that can, in practice,
be quantified from plant operating experience. To enable the determination of the
desired dependent variables - namely, component failure rates and initiating event
frequencies - a two-step approach has been formulated. First, given a specific set
of values for the performance indicators, an assessment of safety culture is made
using expert-based judgments that you will help define. Second, given a particular
safety culture, an assessment of the conditional failure rate or event frequency is
made based on adjustments to the mean value of reliability measures estimated by
the experts.

Safety Culture in Terms of Performance Indicators

The following qualitative states of safety culture will be used: superior, good (above
average), normal (average), poor (below average), and inferior. In the following
tables, please relate, based on your judgment, the specific quantitative values of
each key performance indicator that correspond to each of the preceding states of
safety culture. You will be asked to convey these quantitative values in three
different forms: (1) actual numerical values; (2) number of standard deviations from
a mean value; and (3) multiplicative factors with respect to a best-estimate (median)
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value. To the extent possible, please attempt consistency among your estimates for
these various forms.

In the table below, please provide actual numerical ranges of each key
performance indicator that you believe correspond to the indicated state of
safety culture. For instance, consider the first indicator - Annual Rate of
Safety-Significant Errors. If you believe that less than 3 such events/counts
per year (cpy) indicates a superior safety culture; 4 to 5 cpy, a good safety
culture; 6 to 9 cpy, an average safety culture; 9 to 12 cpy, a relatively poor
safety culture; and more than 12 cpy, an inferior safety culture, then enter
these ranges in the appropriate columns. (Note, the preceding numerical
values are entirely hypothetical, and should not be used in making your
assessments.) Make these assessments one indicator at a time; that is,
assume that you have no knowledge of the existence or value of any of the
other key indicators.

Key Performance Indicator
1, Annual rate of safety-significant errors (i.e.,

reportable violations of technical
specifications) by plant personnel,
contractors, and others.

2. Annual rate of maintenance problems
(defined as maintenance rework or overdue
maintenance).

3. Percentage of planned maintenance that is
not completed on schedule.

4. Ratio of corrective versus preventative
maintenance work requests (MWRs) on
safety equipment.

5, Annual rate of corrective maintenance.
6. Annual rate of problems

(deviations/failures) with repeated root
cause (i.e., a cause previously identified by
a vendor, the plant, another plant, the
regulator, etc., for a similar plant or group
of plants, or for similar components).

7. Annual rate of plant changes that are not
incorporated into design-basis documents
by the time of the next outage following the
change, i

8. Annual rate of balance-of-plant (BOP)
equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.
11. Number of temporary modifications that

have been in place for more than one
year.

Superior
Safety
Culture

Above
Average
Safety
Culture

Average
Safety
Culture

Below
Average
Safety

Culture

Superior
Safety
Culture
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In the table below, please provide ranges in the number of standard
deviations of each key performance indicator that you believe correspond to
the indicated state of safety culture. For instance, consider again the first
indicator: If you believe that less than -2 standard deviations (std) below the
mean indicates a superior safety culture; -2to-1 std, a good safety culture;
-1 to +1 std, an average safety culture; +1 to +2 std, a relatively poor safety
culture; and more than +2 std, an inferior safety culture, then enter these
ranges in the appropriate columns. (Note, the preceding numerical values
are somewhat hypothetical, and should not govern your assessments.)
Make these assessments one indicator at a time; that is, assume that you
have no knowledge of the existence or value of any of the other key
indicators.

Key Performance Indicator
1. Annual rate of safety-significant errors (i.e.,

reportable violations of technical ; ;
specifications) by plant personnel,
contractors, and others.

2. Annual rate of maintenance problems
(defined as maintenance rework or overdue
maintenance).

3. Percentage of planned maintenance that is
not completed on schedule;

4. Ratio of corrective versus preventative
maintenance work requests (MWRs) on
safety equipment.

5. Annual rate of corrective maintenance.
6. Annual rate of problems

(deviations/failures) with repeated root
cause (i.e., a cause previously identified by
a vendor, the plant, another plant, the
regulator, etc., for a similar plant or group
of plants, or for similar components).

7. Annual rate of plant changes that are not
incorporated into design-basis documents
by the time of the next outage following the
change.

8. Annual rate of balance-of-plant (BOP)
equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.
11. Number of temporary modifications that

have been in place for more than one
year.

Superior
Safety
Culture

Above
Average
Safety
Culture

Average
Safety
Culture

Below
Average
Safety
Culture

Superior
Safety
Culture
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In the table below, please provide ranges in multiplicative factors (with
respect to a best-estimate value) of each key performance indicator that
you believe correspond to the indicated state of safety culture. For
instance, consider the first indicator: If you believe that a factor less than
0.25 times a median value indicates a superior safety culture; a factor from
0.25 to 0.75, a good safety culture; a factor from 0.75 to 1.35, an average
safety culture; a factor from 1.35 to 4.0, a relatively poor safety culture; and
a factor greater than 4.0, an inferior safety culture, then enter these ranges
in the appropriate columns. (Note, the preceding numerical values are
somewhat hypothetical, and should not govern your assessments.) Make
these assessments one indicator at a time; that is, assume that you have no
knowledge of the existence or value of any of the other key indicators.

Key Performance indicator
1. Annual rate of safety-significant errors (i.e.,

reportabie violations of technical;
specifications) by plant personnel,
contractors, and others.

2. Annual rate of maintenance problems
(defined as maintenance rework or overdue
maintenance). :

3. Percentage of planned maintenance that is
not completed on schedule.

4. Ratio of corrective versus preventative
maintenance work requests (MWRs) on
safety equipment.

5. Annual rate of corrective maintenance.
6. Annual rate of problems

(deviations/failures) with repeated root
cause (i.e., a cause previously identified by
a vendor, the plant, another plant, the
regulator, eta, fora similar plant or group
of plants, or for similar components).

7. Annual rate of plant changes that are not
incorporated into design-basis documents
bythe time of the next outage following the
change. ;-:;: ; ; ;:; : : :: ;:: ; •

8. Annual rate of balance-of-plant (BOP)
equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.
11. Number of temporary modifications that

have been in place for more than one
year.

Superior
Safety
Culture

Above
Average
Safety
Culture

Average
Safety
Culture

Below
Average
Safety
Culture

Superior
Safety

Culture
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Correlations Among the Key Performance Indicators

It is important to estimate the degree of dependency, or correlation, among
the various performance indicators. For instance, annual rate of maintenance
problems and annual rate of corrective maintenance may be highly
correlated. If all key indicators happen to be perfectly correlated (positive or
negative), then it may likely be the case that knowing any single indicator will
be essentially just as good as knowing all indicators, as far as predicting
reliability performance is concerned. Conversely, if all indicators are
completely uncorrelated, and multiple indicators have meaningful individual
correlation with reliability performance, improvements in predicting reliability
performance may be effectively achieved by considering multiple indicators.
(Note, the experts identified Indicators No. 7 to 11 as being substantially
independent of Indicators No. 1 to 6.)

Dependencies among a vector of random variables are conveniently
conveyed by means of a matrix of correlation coefficients (or, alternatively, by
a covariance matrix). A single correlation coefficient relates to any given set
of two random variables; values of the correlation coefficient can vary
between -1.0 and +1.0. A positive value indicates that positive residuals (i.e.,
deviations with respect to the mean) in one variable/indicator tend to pair with
positive residuals in the other indicator. A negative correlation coefficient
indicates that positive residuals in one indicator tend to pair with negative
residuals in the other indicator. The greater the tendency for large positive
residuals to match together, or for large positive residuals to match with large
negative residuals, the closer the correlation coefficient will approach +1.0
and -1.0 (i.e., perfect positive correlation and perfect negative correlation)
respectively. A zero correlation is implied when there is no consistent
tendency for pairing of positive-positive or positive-negative residuals.

The diagonal entries in a correlation matrix are all unity (+1.0), since any
random variable has perfect positive correlation with itself. The definition of
the correlation coefficient also requires that correlation matrices are
symmetric. These properties simplify your evaluation of correlation
coefficients, as there is the need only to define correlation values for matrix
elements on just one side of the diagonal. Additionally, inspection of the
definitions of the eleven key performance indicators reveals that they are all
likely to have non-negative correlation with respect to one another. That is,
we would probably not generally expect that increases in any given indicator
would accompany (or imply) decreases in any of the other indicators.
(However, if based on your expert experience, insight, consideration of
available data, etc., you have reason to believe that a negative correlation
exists for a particular case, then you should by all means feel free to enter a
negative correlation coefficient for that case.)

Below, you are requested to estimate values of correlation coefficients among
the key performance indicators. If you are interested, you may wish to
consult a textbook on probability and statistics, or data analysis, for further
information regarding the definition and properties of the correlation
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coefficient and correlation matrix. However, for the purposes of this study,
you need not have specialized knowledge of correlation coefficients. Rather,
in completing the matrix below, it will be sufficient to simply ask yourself the
following question: "How strongly do I believe that, when actual plant
experience records increases in indicator A (over some indefinitely long
period of time), it will also record increases in indicator B?" (As an example,
consider how strongly you believe that, if the number of personnel errors
increased significantly during a given year at a given plant, then the number
of maintenance problems would also probably be found to have increased
significantly during the same year at the same plant.)

To further simplify your response, unless you have specific knowledge or data
to support a more refined value, simply use the following discrete
categorizations of the correlation coefficient: significant positive correlation
(+0.80); moderate positive correlation (+0.50); slight positive correlation
(+0.20); zero correlation (0.00); slight negative correlation (-0.25); moderate
negative correlation (-0.50); significant negative correlation (-0.80).

• In the table below, please provide your estimated values for the missing
correlation coefficients.

PI
No.

1
2
3
4
5
6
7
8
9
10
11

1

1

2

1

3

•

!

1

4

j 1

5

1 I

6

1

7

1 j

8

1

9

l

10

:

11

9
I

l

Relationships Between Safety Culture and Reliability Measure (Component Failure
Rates and Initiating Event Frequencies)

Component failure rates are described by probability distributions that are
characterized by a mean, standard deviation, and distribution type. Plant-to-plant
(population) data on component failure rates are used to define generic distributions
or generic distribution parameters. Presumably, this data represents a composite
experience for plants having varying safety cultures (although perhaps not a full
variety of possible safety cultures). It is thus reasonable to assume that, when
conditioned on safety culture, the failure rate distribution will not be equivalent to the
unconditional distribution, but will be altered with respect to the unconditional
distribution in a consistent way. For instance, conditional upon a poor safety culture,
one would probably expect increased mean failure rates with respect to the
unconditional case. Further, to roughly preserve the overall standard deviation of
the unconditional distribution, reductions in the standard deviation for the safety-
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culture-conditional distributions (relative to the standard deviation of the
unconditional distribution) would also be expected.

Consistent with the preceding concepts, the description of safety-culture-conditional
probability distributions is facilitated by relating the conditional mean and standard
deviation (\x\ a1) to the unconditional mean and standard deviation (ji, a). Further, it
is convenient to model/describe the conditional means as:

ml = oiM, (1)

and the conditional standard deviations as:

a! = ha (2)

where an and h are constants applying to the i - category of safety culture.

In this formulation, it is important to note that a condition that the composite of
moments of the conditional distributions should be precisely equivalent to the
moments of the unconditional distribution would impose specific mathematical
requirements on the (\a\ a{). However, our objective is not necessarily to preserve
the unconditional distribution, but rather, to use it as a rough guide to help ensure
that the present determination of relationships of failure rates versus safety culture
are tied to a reasonable and justifiable scaling basis. Indeed, the current
unconditional failure rate distributions may not inherently possess adequate safety
culture variability (e.g., perhaps no plant has yet had a truly poor safety culture, or
conversely, a convincingly superior safety culture). Hence, your responses to the
items below should not specifically attempt to preserve the parameters of the
unconditional distribution. Nonetheless, by associating the parameters of the safety-
culture-conditional distributions to an unconditional distribution, in accordance with
the format of Eqs. (1) and (2), we avoid the use of mere arbitrary scales (such as
gross order-of-magnitude variations, or worse, unusable zero-to-one variations) in
structuring the format for your responses.

• In the following table, please provide your estimated values for a in order to
characterize the change in mean value of component failure rates and
initiating event frequencies, conditional upon the fh safety culture state. Table
entries are for generic cases (i.e., applicable to all categories of components,
or all categories of initiating events), as opposed to specific types of
components or initiating events. It should be noted that, following the
discussions during the workshop, only the values for a\ are being requested.

D-12



Estimated Value of a

Category of Reliability Measure

1. Component Failure Rates
(All Component Categories)
2. Initiating Event Frequencies
(All Initiating Events)

i=l
Superior

Safety
Culture

i=2
Above

Average
Safety

Culture

i=3
Average
Safety

Culture

i=4
Below

Average
Safety

Culture

i=5
Inferior
Safety

Culture
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Part C - Implementation of Semi-Analytical Model Relating Type-D Indicators
to Changes in Component Failure Rates

(Based on a decision made at the 22 September 1998 workshop in Stockholm, this
section of the questionnaire has been deleted pending further investigation.)

Part D - Comments and Suggestions

• Please provide any overall comments or suggestions you may have regarding
this questionnaire or the study approach. Please also describe any problems
you encountered in completing this questionnaire, and any assumptions you
made in formulating your responses (in so doing, please indicate the specific
questionnaire item of relevance). Please use as much paper as required to
complete your comments.
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APPENDIX E:
SUMMARY OF REPONSES TO PHASE 2 (REVISED) QUESTIONNAIRE
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A. General Information and Self-Evaluation

1. I feel qualified (or continue to feel qualified) to participate as an expert
having knowledge and experience related to the objectives of this
questionnaire.

I feel qualified to participate as an expert having knowledge and experience related
to the objectives of this questionnaire

\ % V.

^ N N « V :

Definitely Not Not Really Not Sure Yes Definitely Yes

2. feel that the objectives of this study are reasonably achievable.

I feel that the objectives of this study are reasonably achievable

Definitely Not Not Really Not Sure Yes Definitely Yes
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3. I feel the workshop (or workshop information [if you did not attend the
workshop]) was useful in communicating/clarifying the goals, format,
and potential benefits of this study, as well as the requirements of
experts.

I feel the workshop (or workshop information, if you did not attend the workshop) was useful
in communicating/clarifying the goals, format, and potential benefits of this study, as well as

the requirements of the experts

Definitely Not Not Really Not Sure Yes Definitely Yes

E-3



B. Multiple Correlation Study Relating Type-D Indicators to Changes in
Component Failure Rates and Initiating Event Frequencies

Table E.1 Mean and Coefficient of Variation for
Performance Indicators

Relative Worth of Key

Key Performance Indicators

1. Annual rate of safety-significant errors (i.e., reportable
violations of technical specifications) by plant personnel,
contractors, and others.

2. Annual rate of maintenance problems (defined as
maintenance rework or overdue maintenance).

3. Percentage of planned maintenance that is not completed on
schedule.

4. Ratio of corrective versus preventative maintenance work
requests (MWRs) on safety equipment.

5. Annual rate of corrective maintenance.

6. Annual rate of problems (deviations/failures) with repeated root
cause (i.e., a cause previously identified by a vendor, the plant,
another plant, the regulator, etc., for a similar plant or group of
plants, or for similar components).

7. Annual rate of plant changes that are not incorporated into
design-basis documents by the time of the next outage following
the change.

8. Annual rate of balance-of-plant (BOP) equipment failures.

9. Annual rate of forced power outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications that have been in place for
more than one year.

Mean

87

71

57

70

68

80

70

53

61

60

66

Coefficient
of Variation

0.2

0.3

0.4

0.2

0.2

0.3

0.2

0.4

0.4

0.3

0.4
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Table E.2 Safety Culture in Terms of Values of Performance Indicators (range in
mean values defining safety culture; coefficient of variation)

Key Performance Indicator
1. Annual rate of safety-significant

errors (i.e., reportable violations of
technical specifications) by plant
personnel, contractors, and others.

2. Annual rate of maintenance
problems (defined as maintenance
rework or overdue maintenance).

3. Percentage of planned maintenance
that is not completed on schedule.

4. Ratio of corrective versus
preventative maintenance work
requests (MWRs) on safety
equipment.

5. Annual rate of corrective
maintenance.

6. Annual rate of problems
(deviations/failures) with repeated
root cause (i.e., a cause previously
identified by a vendor, the plant,
another plant, the regulator, etc., for
a similar plant or group of plants, or
for similar components).

7. Annual rate of plant changes that are
not incorporated into design-basis
documents by the time of the next
outage following the change.

8. Annual rate of balance-of-plant
(BOP) equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications
that have been in place for more
than one year.

Superior
Safety
Culture

<3.4;
0.8

<4.5;
1.2

<3.9;
0.8

<0.2;
0.8

<632.2;
2.5

<5.1;
2.8

<1.7;
0.9

<83.3;
2.1

<1.1;
0.5

<39.5;
2.3

<1.8;
1.6

Above
Average
Safety
Culture
3.4-6.1;

0.7

4.5-9.4;
1.1

3.9-14.5;
2.0

0.2-0.3;
0.6

632.2-800.9;
2.4

5.1-10.3;
2.8

1.7-4.3;
1.0

83.3-123.2;
2.1

1.1-2.3;
0.4

39.5-67.4;
2.3

1.8-3.6;
1.1

Average
Safety
Culture

6.1-11.8;
0.8

9.4-17.5;
1.2

14.5-29.5;
1.9

0.3-0.6;
0.6

800.9-1127.8;
2.2

10.3-20.4;
2.8

4.3-8.1;
0.8

123.2-189.7;
2.2

2.3-4.0;
0.4

67.4-145.7;
2.1

3.6-7.1;
0.8

Below
Average
Safety
Culture
11.8-17.4;

0.8

17.5-25.3;
1.2

29.5-44.7
1.9

0.6-1.2;
0.8

1127.8-1651.4;
2.0

20.4-51.2;
2.9

8.1-16.9;
1.1

189.7-366.9;
2.4

4.0-5.9;
0.6

145.7-232.8;
2.0

7.1-14.6;
1.0

Inferior
Safety
Culture

>17.4;
0.8

>25.3;
1.2

>44.7;
1.9

>1.2;
0.8

>1651.4;
2.0

>51.2;
2.9

>16.9;
1.1

>366.9;
2.4

>5.9;
0.6

>232.8;
2.0

>14.6;
1.0
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Table E.3 Safety Culture in Terms of Number of Standard Deviations from Mean
Value of Performance Indicator (range in mean values defining safety
culture; coefficient of variation)

Key Performance Indicator
1. Annual rate of safety-significant

errors (i.e., reportable violations of
technical specifications) by plant
personnel, contractors, and others.

2. Annual rate of maintenance
problems (defined as maintenance
rework or overdue maintenance).

3. Percentage of planned maintenance
that is not completed on schedule.

4. Ratio of corrective versus
preventative maintenance work
requests (MWRs) on safety
equipment.

5. Annual rate of corrective
maintenance.

6. Annual rate of problems
(deviations/failures) with repeated
root cause (i.e., a cause previously
identified by a vendor, the plant,
another plant, the regulator, etc., for
a similar plant or group of plants, or
for similar components).

7. Annual rate of plant changes that are
not incorporated into design-basis
documents by the time of the next
outage following the change.

8. Annual rate of balance-of-plant
(BOP) equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications
that have been in place for more
than one year.

Superior
Safety
Culture

-0.3'

-0.4'

-0.4'

-0.3'

-0.3'

-0.3'

-0.2'

-0.4'

-0.5'

-0.2'

-0.2'

Above
Average
Safety
Culture

-2.2 t o -1 .1 ;
-0.4

-2.5to-1.1;
-0.4

-2.4 to-1.3;
-0.5

-2.0 to-0.9;
-0.2

-2.2 to-1.0;
-0.3

-2.4 to-1.2;
-0.4

-2.3 to-1.2;
-0.3

-2.3 to -1 .1 ;
-0.4

-2.1 to -1 .1 ;
-0.7

-2.3 to -1 .1 ;
-0.3

-2.5 to -1.3;
-0.3

Average
Safety
Culture

-1.1 to 1.0;
0.3

-1.1 to 1.0;
0.3

-1.3 to 1.0;
0.5

-0.9 to 0.8;
0.4

-1.0 to 0.9;
0.5

-1.2 to 1.1;
0.5

-1.2 to 1.1;
0.5

-1.1 to 0.9;
0.6

-1.1 to 0.9;
0.6

-1.1 to 1.1;
0.3

-1.3to 1.1;
0.4

Below
Average
Safety
Culture

1.0 to 2.3;
0.2

1.0 to 2.5;
0.3

1.0 to 2.3;
0.4

0.8 to 1.9;
0.3

0.9 to 2.1;
0.3

1.1 to 2.4;
0.3

1.1 to 2.4;
0.2

0.9 to 2.3;
0.4

0.9-1.9;
0.4

1.1 to 2.4;
0.3

1.1 to 2.5;
0.2

Inferior
Safety
Culture

>2.3;
0.2

>2.5;
0.3

>2.3;
0.4

0.3'

0.3'
>2.4;
0.3

>2.4;
0.2

>2.3;
0.4

0.4'
>2.4;
0.3

>2.5;
0.2
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Table E.4 Safety Culture in Terms of Factors of Median Value of Performance
Indicator (range in mean values defining safety culture; coefficient of
variation)

Key Performance Indicator
1. Annual rate of safety-significant errors (i.e.,

reportable violations of technical
specifications) by plant personnel,
contractors, and others.

2. Annual rate of maintenance problems
(defined as maintenance rework or overdue
maintenance).

3. Percentage of planned maintenance that is
not completed on schedule.

4. Ratio of corrective versus preventative
maintenance work requests (MWRs) on
safety equipment.

5. Annual rate of corrective maintenance.

6. Annual rate of problems (deviations/failures)
with repeated root cause (i.e., a cause
previously identified by a vendor, the plant,
another plant, the regulator, etc., for a similar
plant or group of plants, or for similar
components).

7. Annual rate of plant changes that are not
incorporated into design-basis documents by
the time of the next outage following the
change.

8. Annual rate of balance-of-plant (BOP)
equipment failures.

9. Annual rate of forced power
outages/reductions.

10. Number of work orders in backlog.

11. Number of temporary modifications that
have been in place for more than one year.

Superior
Safety
Culture

<0.3;
0.4

<0.4;
0.4

<0.4;
0.5

<0.3;
0.5

<0.4;
0.4

<0.3;
0.6

<0.3;
0.6

<0.4;
0.4

<0.4;
0.5

<0.4;
0.5

<0.4;
0.5

Above
Average
Safety
Culture
0.3-0.7;

0.2

0.4-0.8;
0.3

0.4-0.7;
0.4

0.3-0.8;
0.4

0.4-0.8;
0.4

0.3-0.7;
0.5

0.3-0.7;
0.4

0.4-0.8;
0.4

0.4-0.7;
0.4

0.4-0.8;
0.4

0.4-0.7;
0.4

Average
Safety
Culture

0.7-1.4;
0.1

0.8-1.5;
0.3

0.7-1.5;
0.4

0.8-1.6;
0.4

0.8-1.5;
0.4

0.7-1.7;
0.4

0.7-1.5;
0.4

0.8-1.5;
0.4

0.7-1.5;
0.4

0.8-2.3;
1.1

0.7-1.6;
0.4

Below
Average
Safety
Culture
1.4-2.5;

0.5

1.5-2.6;
0.5

1.5-2.7;
0.8

1.6-3.0;
0.8

1.5-2.7;
0.5

1.7-4.0;
1.0

1.5-2.9;
0.5

1.5-2.7;
0.5

1.5-2.6;
0.5

2.3-11.8;
2.5

1.6-3.9;
0.7

Inferior
Safety
Culture

>2.5;
0.5

>2.6;
0.5

>2.7;
0.8

>3.0;
0.8

>2.7;
0.5

>4.0;
1.0

>2.9;
0.5

>2.7;
0.5

>2.6;
0.5

>11.8;
2.5

>3.9;
0.7
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Table E.5 Matrix of Correlation Coefficients (mean; coefficient of variation)

PI
No.

1

2

3

4

5

6

7

8

9

10

11

1

1:
O.I

0.:
0.2
0.!

0.2
0.'

O.f
0.4

O.f

0.4
O.i

0.3,
0.8
0.6;
0.5
0.4;
0.7
0.4;
0.7

2

i '

1
4

3

1

r

U.J,

0.5

0.5;
0.5
0.6;
0.4

0.5;
0.5

4

u.t,

0.7

0.4;
0.8

0.7;
0.4

0.4;
0.6

4

:

I

U.J.

0.7

0.5;
0.6
0.5;
0.5
0.3;
0.5

S

1

1

U.J,

0.5

0.5;
0.6

0.5;
0.5

0.3;
0.7

1

U.J,

0.6

0.5;
0.5
0.5;
0.6

0.4;
0.6

7

t 1

s

• :
I

u.o.

0.9
0.3;
0.7
0.5;
0.5
0.6;
0.5

8

* i fcr

" ^

, J ^

• n i" ilk i ilfi fit nil
I I J I jmiuiL I I ^

0.0
0.6;
0.5
0.4;
0.5

0.2;
0.9

g

i t '•

, | | J L . - . . - JJ& SL . JL

rnr"VTTT|""

*

f
iwiitiiiliii

• i
0.0
0.3;
0.9
0.3;
0.8

10

L :
....Ail...!

my ii^jmiiiuiii

m
i;

0.0
0.5;
0.5

11

MB

[1
•

Table E.6 Estimated Values of Alpha (mean; coefficient of variation)

Category of Reliability Measure

1. Component Failure Rates
(All Component Categories)

2. Initiating Event Frequencies
(All Initiating Events)

i=l
Superior

Safety
Culture

0.4;
0.6
0.4;
0.5

i=2
Above

Average
Safety

Culture
0.6;
0.4
0.6;
0.3

i=3
Average

Safety
Culture

1.0;
0.2
1.0;
0.0

i=4
Below

Average
Safety

Culture
1.7;
0.4
1.8:
0.3

i=5
Inferior
Safety

Culture

2.1:
0.4
2.9;
0.9
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